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ABSTRACT

This volume on Thrust Contro} makes an analysis of '
the various thrust-control systems utiltzed on both gas-
pressure and pump-~pressure feed systems and presents
detailed analysis, showing both the degree of complica-

tion ang simplicity which can be achieved depending upon

the requirements established for the use of the rocket
engine. For a complete coverage of these subjects, it is
recommended that all volumes of this series be consulted.
Utilization was made of the applicable portions of -the
55,000 captured foreign documents relating to rocket en-
gines, supplemented by interrpgations of German technical
personnel located in the United States.

JTIT

be g~

4:- >4

Tll}iI'III[TII]I]I]’IIIIIIITT;-TTI_

.

FPPTTT T TTIPT T TTITTT




p—— - — . — % T
nen ‘ MA's\Yu 1YPING GUIDE
: * For redutiian 1o § x 10 page slre)
M | mm?ﬁ’f@‘f’éfﬁ"" |

: N / N -
ko . | J N |
SR - : ANALYSIS AND EVALUATION OF GERMAN ATTAINMENTS AND

& ' RESEARCH IN THE LIQUID ROCKET ENGINE FIELD
. 4

k. 26 , * PREFACE

= Thls report, Volume VI ‘!'m'd "Thrust Control o ls oneof a serles of 14 volumes covering
g = the compilation, resumé, an&a s of German liquld rocket engines, procured from the ‘
- | American Power Jet Co., under Contracts No. W-33-038 ac 17485 and No. AF 33(038)-3636 with

. '
k- _§ the Intelligence Department AMC, Wright-Patterson Air Force Base, Dayton, Ohio L
- .—g The 14 volumes of this series are as follows: ’
1 _j K i, t o
p. 30— Volume I Y o Combustion Chambers . ]
= Volumell .......... Combustion Chamber Cooling t
i VolumeIll .......... Analysis of Design and Performance of Forelgn
i . Rocket Combustion -Chambers I
55— ‘ VolumelV .......... _ Propellant Injectors ‘ =
_ e VolumeV ...... 90 e \PrOpellant Supply Systems (% -
= - VolumeVI .......... ‘Rocket Engine Turbines and Pumps . ;
= VolumeVIl .......... Thrust Control ) - e
b 1,0 Volume VIII .......... Rocket Engine Control and Safety Circuits o
o VolumeIX .......... Liquid Rocket Engine Installation and Fltght v B
) é Program Factors ~ g
| _3 VolumeX .......... Ground Handling of Operatlonal Liquid Rocket E .
- Engines -
l‘?:j VolumeXI .......... Ground Handling of Operational Liquid Rocket 454 8
- Engine Propellants — -
e VolumeXO .......... Liquid Rocket Engine Test Facilities and Testing X ]
_ . Techniques - Peenemunde Rocket Group =
. Volume XII .......... Liquid Rocket Engine Test Facilities and Testing ol
Tethniques - BMW Rocket Group Ael
\ VolumeXIV .......... Liquid Rocket Engine Production Experience E-—
o . r

- <
-+
t
& .
- . o
¥
. ¢ o A
. . .
i .
: e )
4 . .
' L . A
- >
It
L
i S . i L i
2 ATh . N
i 15 3
. - 1
S0 1
[ » 5
\ = 4 ’
.
k! > iy
i .
£ .
; !
.
:
WWWTW T'IT‘I'
Y .




1; .
:‘IV'T-‘: uj
5_] \'._ :
=
109 o . 4 ,
" H“ INTRODUCTION.........0u0nsnnsdn \ X
s ~ s 5 . 27 A v Ll
lr»C‘ Requirementsfor ThrustVariation .|. ... .. ... cceeiocsadatss 1.
‘ anDB;OFTMTLmG...........J....'.......'....w:.".’o:-..‘-~ ".

thth

G.nﬂrll'r’m! :‘o*:t...o"'o"OO'OO..'.."O..o".'.....'. 5"

2 —
—_THROTTLING OF PRESSURE,SYSTEMS . . . (o, - ¢ voveovsocenencaree < 8
: TthunDownllothodolThrustCoeiLrol(llWlOO-MG)............. 0

Preset Throftling by Means of Two-
Preset Throttling by Automatic,

. (S8chmidding 8G-24).. ... 50 ¢
Presef 'I‘hrottung by Variable lnjectJr (B

l‘ peration (BMW F3376) . ..... 9 "
of Propellant 'Im ;

7109-558) . ... .......c.. 12
THROTTLING OF PU psm'rnus....@..-..!......'................ 16
Speed Control .........c.00.. Lol o o oiloiiel o 0 ahs e o 16

Propellant Throttling and Speed Control ....... S Dl G G O . 32 *7
. Steam Generator Throttle. . . .. ........... 2000000 cevesee. 40 -
Effect of Throttling on Specific I SR 2 —
| Thrust Control by Variable Throat A - (dnw Patent -
Ay Application) . . . ........... be o oloto e oo 500 Hodol3A0 43 =
) ot N Wl ° 5 "
E SUMMARY ................. ‘/, 44 :
.-.‘
BIBLIOGRA PHICAL REFERENCES R ... 48 =
| B
4 . e ::1_‘.
. LIST OF DRAWINGS AND ILLUSTRATIONS , '-
B
Figure No. 8 - s =
: . =
1 Initial Thrust and-Acceleration Impulse as a Function of Compressed B
Gas Pressure and Temperature - BMW 109-548 . ... cccc0 vt eeas 57 7
2 Comparison of Calculated and Measured Values - For 50°F at Sea - T
Level - BMW 109-548. . ........... 5 5530 0 6 BB 5B H o R A G 58 =
3 Comparison of Calculated and Measured Values - For -4°F at Sea »
Level - BMW 109-548. . . . ¢ ¢t ¢ i it ittt eoeveeeeseecoononos 59 e
J 4 Var\talon of Specific Propenant Consumﬁlon With Thrust BMW v
{ 0 - 5 6560 0 0100 0000 06 ahi Golbh E oKD 00 0 00 orlc o0 a0 60 &
5 Schematic Arrangement - Schmlddmg BG 24 (APY aning No. 051- E‘
_ (= 900 22 00) oooooooooooooooooooo e 0 0 0 0 Ve o e % o 0 §y o 0 0 0 0 o 6‘ !"
, 8 Schematic Arrangement - Mach Number Regulator (APJ anihg No. E
05 950-03-00) ooooooooo . e 000000 0' 0 900 o0 0 62 A l':
7 Variation of Specmc Propelhnt Consumpuon With Thrust - BMW .
109 558 oooooooooooooooooo * e (, 0 000 )G 530 Ox e e Py i 6’ ;
. . P
ATI-86006 s R A -
K wrOote .'l “ dem . = Tog for use ia propeiing “"E'. va‘uﬂo« with either Pigo o (l‘;-' 'r_;'._l-h:.: 7o b Tt PR L, T

. : 7 :
. P Y
R’ . . . 4 - ™ ¥ .
e 3 A Sy vl . 1= . __4"’ E e .



32
33
34

36

37

38
- 39

| ) k.

ATI-86006

Coutrol -P”OK: German [ vh‘!lo 3390-C/8K 1187

‘An D‘M'l’ oo-‘oo--oo.o. e o o @ 0 0 o 0 . 9
ek = P 3390C ( No. 3300-C/8K 1188. .. 65.
Coatrel "= P’3390C German Driwing No. $390-C/SK 1248
(n:nmn-guon-o:aoc-:;.......................... 68
Control 8chematic 109-T08A man wing No. ERK 12274

(APJY Drawing No. D-9-T08A-1),......... . 067

Coutrol Schematic - P 3300C German Drawing No. 3300-C/8K 1397
(APJ Drawing No. D-9-3300C-3) . . . . ....

Regulator Proposal - P 3390C (APJ D wtho.D-SSS'OC 7)::21:*

Cam Synchronization - P 3390C

" Regulator Performance - P 3300C/8K 1207 . ......... e 73
Steam Generator Performance - P SOOC/BI 1207 . ... .. e e e 13
Turbine-Pump Performance - P 3300C/SK 1207 .. .... .. . 4
Combustion Chamber Sea Level Perfor mance - P 3390C/8SK 1207 . 5
Specific Consumptions as Functions of Percentage of Maximum
Thrust - P $390C/8K 1297 . B /18
Control Schematic - 109- 7083 ........... 5000000080800 00d0 1
Regulator Performance - 109-708B ... ..........cctcccnounes 18
Steam Generator Performance < 109-708B . ................. . 1
Turbine-Pump Performance - 109-708B . .. .. .. ... . .ccc0c0. . .. 80
Combustion Chamber Sea Level Performance 109-708B. . .. ....... 81
Relationship Between the Cutoff Velocity Vo and the Total Range 4
of the ectoryforthe A-4 . ........ . ... oot nceenas 82
Trajectories With Same Propelled Pxth but Different Cutoff
Velocities for the A=4 . . . . . . .. ¢ttt ittt oooottonoocesoas 83
Main Peroxide Cutoff Valve - A44 . .. ... ....... ... I 84
Final Peroxide Cutoff Valve - A<4 ...... ....... S 0 60 a 000000 C 85
Schematic Arrangement - 109-509A-2 (APJ Drawing No.

061 ~000-14-00). . . . .ttt ettt et e e 86
tor Assembly - German Drawing No. 109-509.381-000.10 .
(A J Drawing No. D-5-500-8) Sheets 1 to 4,Inclusive « « -« . «..o... 87

Development of the Inner Surface of the Mataring Cylinder 8een

From Outside - German Drawing No. 109-509.381-002.13 :

(APJ Drawing No. D-5-508-4) . . . . ... ...........¢c.....o... 91
Walter 109-509A Main Control Valve (illegible)

Exploded View of Regulator Valve Assembly. . . . . .... ......... 92
C-8toff Section - Regulator Valve . . ... ..... .. 00000000600 0M ¢ 93
T-8toff S8ection - Regulator Valve. . . . . . ... ................. 094
View .13a - C-Stoff Metering Valve . . . ... ... ............... 95
View .82a - Alignment of Valve and Sleeve Ports ., . . .. .......... 85
View .32b - 8chematic - Full Thrust Position. . . . ... ........... 95
View .13b - Control Valve and Sleeve . . . ... ... .. Y8 a00000mon ¢ 96
View .47a - Tightening the Packing Gland . . . . ... ... ... ....... 96
View .47Tb - Removal of Control Valve .......... e 98
View .52a - Valve Puller, Cover and Bushings . . .. ... .......... 96
View .52b and ¢ - Disassemblyof Rotary Valve . . . ... .......... 'L
View 44a - Assembly of Filter . . . . . . . .. ... .. i ... 97
View .44b - Filter Subagsembly .. ...................... ' K §
Exploded View of 'I‘-Stoﬂ Throttle for Steam Generator . ........ ». 08

111

RESTRICTED

35 '_

508




40

41

42

43
44
45
46
417

48

MASTER TYPle GuUiIDt

wage e

RESTRICTED

LIST OF DRAWINGS AND ILLUSTRATIONS (Cont'd)

View .27 - Steam Generator Throttle Assembly . . ... ........... 99
View .22 - Schematic Section of Steam Generator Throttle ..... ... 99
View .32 - Relationshipto System . . . ... ... ... ... .. ... 99
View .22a - Metering Cylinder . . . .. 50 00000000000000000OGGO G 100
View .22b - Idling Piston . . . . . ... ... .. ... . . . i i, 100
View .22¢ - Cutoff Piston .. .. ... ... ... .. ... ... .o ... 100
View .322 - Idling Position . . ... .. ... ... ... .. ... . 0., 100
View .323 - First Stage Thrust Position. . . . ... .............. 100
View .324 - Full Thrust Position .. ............... 500 @0 60 a 100
View .323a - Idling Position (onandoff) . ............ ... 101
View .324a - Cutoff Piston (onandoff) ... ................... 101
View .43 - Positioning Actuating Lever . ... .......... . 101
View .47 - Checking Cutoff Piston Movement ., ... ... .......... 101
View .62a - Setting Idling Piston .. ................... .. .. 101
View .62b - Indicator Card . ... .. ... ...... ... . ... ... 101
Specific Propellant Consumption vs. Thrust at Various Altitudes

“for 109-509A-1 . . . .. e e e e e e e 102
Infinite Thrust Control Proposal - BMW. . . . ... ... ... ..c...... 103
Two-Stage Thrust Control Proposal - BMW . ... .............. 103
wsp as a Function of Throttling (S8ea Level) .. ................ 104
Wsp Increase as a Function of Throttling (Sea Level) . . .......... 105
Wsp Increase as a Function of Throttling (30,000 1t) ........... . 106

TITITITT 071
i I }
t

t

-y

P

o

w014 A @ Y

T T T T T T T T T T

. W LT



fied, less efficient controls rather than waiting to develop a throttle meeting all specifications. - 3

 complicated control procedures are justified if required to maintain engine performance. On the ‘ !

l ~ for by lowered cost, complexity, and fixed weight of the engine.

the fundamental rocket parameters.
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VOLUME VII

THRUST CONTROL

INTRODUCTION

v

Requirements for Thrust Variation
In ord—er to achieve a fuller understanding of the problems of thrust control in foreign rocket

[
engines, it is desirable to review the basic parameters involved in the selection of any given thrust
or range of thrusts. L ]

The, selection of a given thrust value depended upon the mission of the vehicle utilizing the E.— .
rocket engine, and upon the physical and structural limitations imposed. These requirements were —
met to varying degrees, depending upon such practical considerations as experience, manufactur- =
ing, and available time. The latter factor was of prime importance in dictating the use of simpli-

= .
In general it may be stated that foreign JATO' s, ground-to-ground missiles, and flak rockets- b
required constant acceleration, and therefore constant thrust. Many air-to-air or air-to-ground -
missiles and some ground-to-air missiles demanded a high degree of initial acceleration. For :'_‘ 304
reasons of 2guctural limitation or guidance, however, the acceleration was sometimes limited or ‘:‘ ——
even reduced'to zero (consthiit velocity). This was the case in the 109-548, 109-558, and P 3376. . -
On the other hand, rocket engines for piloted aircraft were usually required to have infinite varia- - E
tions of thrust within limits or sets of limits, as in the 108-508 and the P 3390C; this permitted the, —_55 i
fullest exploitation of the power available from a rocket when required, together with the conser-
vation of propellant supply.

s ol

/

S i

The specific propellant consumption may serve as an indicator of the rocket engine efficiency.ss . .+
Obviously, high specific propellant consumption is undesirable for high-impulse applications, and o8
is somewhat less critical for those of low impulse. This consideration has a pervasive effect on ',: -
the type of throttling to be considered. Arrangements for throttling high-impulse systems must . .
give consideration to the resulting variations in specific propellant consumption. For such systems; —
other hand, the differential weight saving in cases of low impulse systems may be so small that -

considerable decrease in engine efficiency is acceptable, since it would be more than compensated E: ’

N
g
s

=%
An evaluation of the effect of throttling on specific impulse, as well as the way in which -
throttling and pump control are interrelated, requires consideration of their respective effects on

0

I is defined as ©

sp w

U

ow!

1000 w

v'p is defined u» T . .

CEITE L

The following factors are found to influence -néi{lc impulse:

-
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k = Ratio of specific heats.

vch = Ratio of chamber temperaturs to
the average molecular wetght

p . 1
-l-)fu = Expansion ratio, determined b} the ¢chamber pressure and operating altitude.
s : ,

The importance of the foregoing pa.rtmedcrs follows from the fundamental relationship:

F=mc

b4

FTTT T REEE

_ | 29k T P u]
°‘\/'¢:'-T'R"'~+[’ (Pc)“

the thrust equation, therefore, becomes

i 29Kk T, Pg \X-
F= = TET’RU'?L[‘"(?:‘)S"J]

The specific propellant consumption is designated as the weight flow per unit thrust, usuxlly
stated in 1000 1b units. For any given thrust, the value of wg, is a function of the cxhault nloclty g
\ ‘and hence of k, T./M, and P,/P.. The latter value is umnlvtakon as the reciprocal of the ex- |

pansion ratio P / P,.
The functional rehtlonshlp theq appears as

LT NHI.

Wep ~ !
o Kk (Te/m)( Pe/Pe)
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{, a reasonably wide range of
.'im.,,i'. alcohol, T-stoff ?- g--eoa
h -lxtuommeoualtwlth*throttﬂu” is
Cond attempts were

{ 4 ,punnm -

et A i it e

°® nuurho dnecrlnumudtio-nthorunodynn-uc -
drop. In practical cases, the chamber pres- -
cording to the relationship F = Cy Pc tt
Variation in the ratio of ific heats, k, is of secondary importance, as shown in the
discussion in the rocket motor section jof this report (51-0-12A, Vol, I). The commonly
used value of k = 1.2 offers an acceptable oximation. However, tables are available

(constructed at Peenemunde) covering the ons of k for oxygen-alcohol, C-stoff- T-stoff, and
the "cold" reactions. \ \

' mmarc/nmm
charts and represents changes in available
L~ sure is varied to effect a desired change in

.I .‘ /(
30

35. A noteworthy point is that the optimum T /l( is usually obtained below the maximum

value of Tc' as illustrated below.

e

1
X

Ll

o 50
““¥IMixture Ratio onduer/ruel)
-,
_: a : 2
’ 29— )
2 Mixture ratio considerations also affect the injector design. This part of the problem is |
- discussed in detail in the propellant injector portios of this report (§1-0-12C, Vol. IV). Neverthe- =
. less, it is desirable to note here that a constant mixture ratio requires the maintenance of a con- E
' 6L-— stant ratio of pressure drops, and this factor, in turn, influences the design of the thrust control. [— ¢g
7 This conclusion follows from the conlidontion that tho weight flow of any liquid is proportional to
— to the area (A), the density (£ ), and the square root of the total pressure drop €yAP). To main-
_ tain a constant mixture ratio by weight, therefore, it is necessary to hold the ratio
o B 4
. - | E_ss 2
= . . where subscript o = oxidizer .
": Ao oV AP, = constant t = tuel ( -
. ATI-86006 =
b
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Cooling is another important consideration in maintaining a good specific impulse during?
throttiing. In practice, combustion chambers are frequently operated at temperatures below the §
attainable maximum by running the mixture ratio on the fuel-rich side. The aaditional fuel does 3
not enter into the reaction, and is not influenced by throttling. Accordingly, the method of cooling
by fuel dilution results in higher fuel consumption. Thus, !

W, =W, + Wy where W, = total weight of fuel (not propellant)
We = weight of fuel used for cooling
Wp = weight of fuel used in burning

However, the amount of fuel used for cooling depends less on the mass flow through the
motor than it does op the chamber surface area. Hence, W, tends to remain constant throughout

the throttling. Therefore when Wb is reduced because of throttling, W does not follow in the
sarpe ratio. 4

Nozzle Phenomena

The expansion ratio, P¢/Pg, is a function of the nozzle design. Conventional theory
demonstrates that Cy increases directly as the chamber pressure, and, conversely, declines when
the combustion chamber is throttled by dropping the chamber pressure. A secondary consequence
follows from the fact that the optimum expansion ratio may no longer be obtained in the nozzle. 305
The importance of these effects depends on the specific chamber pressure selected and on the :
desired range of throttling. The following sketch displays this relationship.

|
]
i

D
M

=

——ge i
— —— alhs »
:

:

T T TTT T

7 -2

Variations in the noule coefficient convert themsaelves directly into mhtiols in specific
propellant consumptlon accordlng to the following relationship:.

CFF:.,f,-F=(—;.i)c

.
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Therefore, as the chamber pressure decreases, lowering the value of Cp, an increase in specific #
propellant consuniption must be anticipated. This relationship applies even if combustion efﬁclen~
‘ cy is maintained, thereby holding the value of ¢ constant. :

Among the more interesting innovations in throttling introduced abroad was the idea of
compensating for the variation in Cg by holding the chamber pressure constant and varying the
throat area (BMW patent application, Sept 1940). In this way, the expansion ratio would be held
constant, and hence the value of Cg maintained. A secondary advantage of this arrangement would :-r
be the simplmcation of injector design. This method of throttling is more fully discussed in the 3
following sections of this report. ‘ =

The operational characteristics of the vehicle sometimes affect the nozzle parameter, =
particularly where the vehicle must operate through an extreme variation in ambient pressures, -
e.g., the A-4 and the Wasserfall. Pressure variation appears as the back pressure in the expres-
sion, Pg/Po, and the changes in the nozzle coefficient with this parameter must be taken into ac-
count in a successful throttling system.

‘Practical considerations in the design of the nozzle, such-as weight, cooling, and aircraft
connguration also influence the obtainable thrust of the vehicle. T is illustrated below in the
discussion of thrust control of the 109-509.

&

5

METHODS OF THROTTLING N

General Types

¥ Three general types of thust control were used in foreign rocket systems: "run-down," set
- program, and variation at will,

:

3 1. Run-Down. Systems throttled by the run-down method were pressure systems used

3 - principally in guided missiles. Ground-to-air and some types of air-to-air or air-to-ground mis-

. siles, such as the X-4, the E-4, and the R-3, required a high initial thrust to accélerate the vehicle,

_ after which the thrust could be permitted to drop off. Thus, in effect, this method resembles a two+
stage throttling system. The run-down pattern closely approximates the thrust requirement of
ground-to-air missiles which climb substantially vertically. Since drag is proportional to air
density, it decreases with altitade at constant speed. The adjustment of this linear decrease to the
adiabatic type of curve characteristic of the run-down method of throttling is made by the fact that
the high acceleration required for take-off accounts for the steep portion of the thrust-time curve.
The thrust is then permitted to level off, corresponding closely to flight at constant . speed. This
may be shown in the following schematic illustration.
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* such as the Me-163, the Me-262, and the P

: rocket interceptors for extremes of performance. It was therefore necessary to provide an un-

a. Two-motor operation, in which
Example: the P 3376. | r

b. Automatic partial shut off of pr pol!ATt supply. Example: Schmidding 8G-24.

c. Constant thrust for take off, folt:ed variatioa of thrust depending upon ram air
pressure during flight. Example: Hs 117 using the BMW 109-558 rocket engine.
' - _

d. Two-stage-thrust operation, obthined by pump-speed variation. Example: the A-4, &

3. Variation at Will. A full range of t.h.iust control was required only in military aircraft [=

eenemunie rocket interceptor, where it was desired to i+
give the pilot full control over the output of the rocket engine. The high speeds and operational
altitudes of Allied bombers and tighters during the Jast war forced the Germans to design their

limited control range within the operational 1imits of the rocket engine. Several degrees of con-
trol flexibility were encountered. They may be roughly classified as:

a. Ir‘xﬂnlte variation. Example: BMW P 8390C and HWK 109-509.

b. Infinite variation within set stages. Example: 109-708B.
THROTTLING OF PRESSURE SYSTEMS

Pressure systems are commonly held to be inflexible with regard to control, and are there-
fore usually rejected for other than the simplest control requirements. This impression is con-
tradicted by the surprising variety of thrust control patterns encountered in foreign pressure
systems. The 109-548 rocket engine was a pressure system with run-down thrust control; the

P 3376 had two-stage control; and the thrust of the 109-558 was variable through a wide range of
values.

The ability to throttle was found in several types of pressure systems, includipg conventional
gas pressurization, differential pistons, bladder types, and simple orifice types.l It is therefore
apparent that thrust variation is closely integrated with the over-all design of the system.2/ Cer
tain pressure systems are inherently difficult to regulate, e.g., the differential piston; in others,

such as the orifice type, the throttling characteristic is inherent in the basic design; while still
others may be varied at will within extremely wide limits.

The Run-Down Method ol Thrust Control (BMW 109-548)

The basic principle of the run-down method of thrust control is to use a simple, restricting
orifice between the high pressure gas tank and the propellant tanks. In the absence of other regu-
lation, the propellant feed pressure, and hence also the thrust, follow the curve of a polytropic

1/ For example, BMW 109-548 pipe coil system.

g/ For design details and analyses of various types of pressure systems, see APJ Report
No. 51-0-12H, (Vol. V).
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he [ 8 sec. To simplify the design, a compromiss =
ust from 330 1b down to the point where combustion
emained 3520 Ib sec. Sketches of the thrust-"
mtomised design are as Tollows:

\

- -3
A high initial thrust followed by a rapid drop was necessary in the compromise deslgn; in =
- order to obtain the specified accelerating impulse of 1760 lb sec for the first 8 sec. This, howcveE 653
. subjected the entire X-4 assembly to a high g initial loading, and also required heavy tanks, lines,

. and motor structure. Moreover, the tubing in the tanks was ruptured by the 1700 psi. To improve
"j.this situation, the impulse for the first 8 sec was Jqduced_ to approximately 1440 b sec by lowperl

2
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the initial supply pressure from 1700 psi to 1560 psi. Although the yleld strength of the tubes
still exceeded, this was not considered serious for a "one shot" rocket.

-

—-— Figure 1 shows the variation of initial thrust and impulse during the 8 sec acceleration perig
with initial supply pressure. The assumption is made that the pressure tank is filled to 1560 psi’
at 50°F. Any change in temperature is reflected in the gas pressure according to the formula

Py T2 = P2 T, (1) where Pj] = (initial pressure (psi) ;
: =% B
L5
— - -
T; = (initial temperature (°F abs) o |
A e @
Py = final pressure (pst) i
L =
Ty = final temperature (°F abs) ol
For example, if P, = 1560 psi, P, = 1700 psi, T, = 512 °F, and T, is unknown, 4
P, T =
P2 (100) 512) . =
Ty = = 1560 = 558°F abs -
I-. "
L8 = - | .- 0
> 98°F. R —3
. Reference to Fig. 1 confirms this value.

Figures 2 and 3 show the variation of actual and calculated thrust vs. time at 52°F and at
-4°F, respectively. As a result-of the P-T relationship explained above, the actual thrust values
in the lower region on Fig. 2 deviate by as much as 25% from the calculated values, while the
actual and calculated thrust values at -4 F coincide quite closely, although the entlre curve is
considerably below that at 52°F. This, of course, assumes that the gas bottle is filled to its design
pressure at 52°F, and that the unit is operated at -4°F. These tests illustrate the close dependenc
of engine performance on the supply gas temperature. Rocket engines with this type of thrust con-
trol should, therefore, compensate for differences between the temperature at which the gas bottle
is filled and the operating temperature of the missile. Inasmuch as this factor is a function of
operational procedures, provision for field adjustment must be made.

These pressure and temperature limitations had an adverse effect on foreign missile per-
formance. For a while they were regarded as acceptable, in view of the manufacturing ease and
simplicity of the 109- 5483 arrangement. Later, however, propouls were made to improve the
impulse by abandoning the pipe coil entirely. Another, less radicdl proposal, which was never put
into production, was to level off the high initial thrust by the use of a simple pressure regulator.
The regulator was to be set to limit the thrust to 220 1b for the first 8 sec, after which the gas
supply pressure was to decrease to a value which equaled the regulated pressure plus the pressur
drop through the regulator. The regulator would demand more supply pressure, which, being
unavailable, would cause the regulator to be blocked wide open. The gas pressure would then drop— :!
adiabatically through the regulator as if it were a fixed orifice, and the thrust would follow the =

E
curve shown below.
h ]

3/ Pipe coll system.
- . ' ’
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The operation of this pipe-coil type of rocket engine is explained in detaid¥n Meport No.
51-0-12H (Vol. V), but some aspects of thrust control and the effect of decreasing thrust on the
specific propellant consumption may here be noted. The value of thrust at any given instant, with
efficient combustion assumed, depends upon the supply pressure less the summation of all the
pressure drops of the gas and propellants through the tubes, fittings, orifices, combustion-chamber
cooling-jacket and propellant injector. The tube sizes, fittlngs combustion-chamber coollng-
jacket restriction and injector holes were fixed by the detall design parameters. . Juis

The ignition characteristics were such that it was necessary for the Tonka to enter the motor
about half a second earlier than the acid. An orifice in the acid line just before the entrance into
the jacket restricted the flow sufficiently to insure the desired time lag. The size of the orifice
was determined empirically, and varied between 0.15 and 0.18 in. in diam, depending upon the fabri-
cation tolerances in the various engines. The orifice in the Tonka line just ahead of the injector
was also empirically chosen. It was used to lower the Tonka injection pressure to a valug com-
parable with that of the acid after it flowed through the cooling channel. The pressure ratios were

d controlled in order to maintain the proper mixture ratio of 4.2 : 1 (acid : Tonka) by weight through-
out the thrust range. .

-

23

Figure 4 shows the variation of specific propellant consumption with thrust for three different
15 injectors, compared with the theoretical value (curve 4). Injector No. 3 produced the best results
and was the one used in the production model of the 109-548 rocket engine, although overall ex- -
perimental research was carried on to the end of the war. As late as November 1944, a proposal . &
was made to design this engine as a bag rocket, in order to increase the total impulse to 4180 1b
. sec by increasing the tank material strength and the initial pressure. However, no complete unit
of this type was ever built, Test units of the pipe-coil design reached the static test stand in
August 1944 and flight test units were delivered in February 1945, These proved satisfactory, but
‘the war ended before they could be used operationally.

Preset Throttling by Means of Two-Motor Operation (BMW F3376) .

An interesting and simple method of thrust control is that described by BMW in their P 3376

proposal for a differential piston glide bomb, wherein throttling was to be achieved by cutting out
. - one of two motors. Omne large motor was to produce 2640 1b thrust for the first 20 sec and then be
) ' shut off. The smaller, cruising-motor was to add 660 1b thrust both during the first 20 sec and for
~. 40 additional seconds. This program would provide the thrust needed for initial acceleration away *

"< from the mother aircraft, and for accurate flight control and extended range. The cruising
&5 - chamber had the further roquironon: of providing the necessary pressure to operate the dlfferen- !
i tial piston feeding the propellants to both motors.

- 'j

.
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":——E No ific reference was made to the
—| document4/ mentioned that the thrust was a'f
| mined the point at which the large motor was
é piston tripped an electrical contact after it
c,:j
=
3

“+ walves or solenoid-piloted servo valves in
been energized and the propellant supply cut ¢
represented by the following sketch.

S TR PR EEY  N .

‘ Throttling the P g}u had no 111 effect on the quoted specifis-propellant consumption of 8.2 Ib/
~ 1000 1b sec impulse. Both chambers were to operate at the same constant chamber pressure,

. and cutting out one would not adversely affect the other. In fact, the specific propellant consump-
. tion of the small motor might improve slightly after the large 'motor stopped, because less gas

- would be bled from it to supply propellant feed pressure. '

The P 3376 rocket engine never progressed beyond the design stage, not because of design

limitations but because other gudein;mb projects received higher priority, and personnel was
transferred to the other projects. '

I two-stage control of a differential piston rocket unit meets the missile flight requirements,
+ this type of control represents by far the simplest and most efficient method. The specific pro-
pellant consumption is8 not increased; the control may be electrical, mechanical, or hydraulic, and
may be set for any desired impulse combinations.

Preset Throttling by Automatic, Partial Shutoff of Propellant Supply (8chmidding 8G-24)

An alternative method of securing a preset program was attempted in the Schmidding SG-24.
This design cut the {low of propellants and hence throttled the engine, by increasing the pressure
drop between the tanks, which were at constant preasure, and the combustion chamber. Thus,
substantially the same result was achieved as in the P 3376. The 8G-24 was a bag rocket 8/ whose
thrust was regulated in two stages; one of 330 1b thrust for 4 sec and the other of 110 lb thrust for[_ ]
25 sec more. A brief description of the rocket engine, shown schematically on Fig. 5 (APJ Dwg. 4
No. 051-900-22-00), is necessary to more fully understand the thrust control.

i

IT'[ T_IT

=
2
- e
4/ APJI No. F 9-137. E
5/ APJ No. F 13-28. E-—_
_.6 &
8/ A general discussion of bag rockets may be found in APJ Report No. 51-0-12H, (Vol. V). -
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1 re of 4260 psi to an estim ited
| is uthupo(nelrdthom

rubber bags. (Thb.puo-dll
rmmm-mmmm
i the other, the larger one, by-passes

t-. normally open, cut- and then into the injector. The fuel line B
ﬁl_lhfnlhak(!)hoor”ﬂtﬂlm ()m(l)l.ndabl.llcheckvnln(ﬂ) muu
from the larger fuel tank (2) has only a burst membrane (10). The check valve (9) prevents re

below from the chamber (4) into the small fue] tank, after its fuel is depleted and the engine is
‘running on the fuel from the large tank alone.

“\ The unit is started by energising both the mmoxn.n burst valve (6) and the pyrotechaic
igniter (11) simultaneously. The oxygen gas - th the regulator (7), is reduced in pres-
sure, and flows to the fuel tanks (2 and 3) and jthe mptor (4). The pressurized fuel from both tanks
= bursts the membranes (8 and 10) in the lines 4nd flgws into the injector. The oxygen gas flows

F=] through two lines, one through the pneumatic yalve (5) into the injector, and the other directly.
Ignition takes place from the igniter (11), and a thrust of 330 1b is attained. After 4 sec, the fuel i’
in the smaller tank is depleted, cutting the fudl su to about one third its former value. For an &7 _ 2
instant the combustion chamber runs extremely oxygen-rich, but the chamber pressure drops
2 almost instantaneously. This drop closes the pneumatic|valvel (5) in the oxygen line and cuts the
A supply of oxygen by one-third, thereby re-estiblishing the mixture ratio at a lower thrust value.
3 The motor then operates at 110 1b thrust for an additional 25 seconds. The total thrust-time curvej—
. 35— therefore, follows the typical two-stage pattern shown below.

N
£
Q7

=
v

T 1

N
O

w
N

It should be noted that the smaller fuel tank has the larger lines, and vice versa. The effect
of this arrangement is exactly equivalent to that which would be obtained if a single fuel tank were
used with two exit lines in parallel, the larger one heing shut off after a short time. 1/ If this
- alternative had been adopted, however, no simple method of timing would have been available and

" the respective hydraulic character 1stics of thelines would have been difficult to adjust. According-
= 4 ly, the arrangement involving two tanks was selected, despite its less favorable surface-volume —

AN AR AN R AR RNNENRR b

A
o W

T T T

" ratio and hence greater vel/ght _ -
: =65
S
et 7/ This arrangement was located in a single reference (APJ No. F 13-91), but appears to have :
. been abandoned for the reasons given here. -
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No information as to variation of specific propellant consumption with thrust was located. A 3
minimum value of 5.5 1b/1000 lb sec impulse was quoted;!/lthls may be taken as valid for the firs{l
stage. However, inasmuch as the chamber pressure drops to approximately 33% of its design '
pressure, the specific propellant consumption during the throttled period may be assumed to have
deteriorated to the neighborhood of 6.8 - 7. In view of the relatively longer operating period at
lower thrust, the available specific impulse would be rather poor. However, the total impulse of
the system is relatively small, and heénce this factor is not too important.

This arrangement may be regarded as relatively poor in comparison with that of the P 3376
described above. However, it will be noted that the maintenance of chamber pressure in the .
P 3376 was due entirely to the selection of the differential piston system, and could not have been
obtained as economically by other means. This point, again, illustrates the design compromises
which must be made in the over-all selection of a system.

Preset Throttling by Variable Injector (BMW 109-558)

The ultimate in control flexibility of pressure systems was achieved in the BMW 109-558,
which provided for a reliable and sensitive variation of thrust during the flight program. The
means chosen to achieve this was by throttling the injector, thereby varying the propellant flow, and -
hence the thrust. An additional feature of the design arose out of the possibility of maintaining both -
the mixture ratio and the hydraulic characteristics of the injector. In this way it was hoped to have
a system of high efficiency which could also be fabricated in a wide range of impulse. The cholce — 30
of this method was facilitated by the fact that the 109-558 used the hole-type injector, which per- )
mitted a simpler solution than would have been possible with spray or other types.

The BMW 109-558 was intended for application in the Hs-117 flak missile, which was to use a . 35
Mach number regulator to maintain a constant air speed. The control was to regulate the thrust
smoothly from 836 1b down to 130 1b. Below that point a thrust of 66 b was maintained by injector s
holes which were not throttled. This design satisfactorily maintained the flight velocity within +3% g
of a Mach number usually quoted as 0.77.9/ ) G

L

Figure 6 (APJ Dwg. No. 051-950-03-00) shows a schematic representation of that portion of .
the Mach number regulator affected by static and dynamic pressures. The small triple piston -
fastened to the bellows' connecting lever acts as a servo pilot valve. Tonka, under pressure, is N
metered by this pilot to the proper side of the main servo piston and forces it to move. This
movement is transmitted by a lever to a gear segment and is transformed into rotary motion. The -
gear segment meshes with pinions on the injector (explained in detail in the injector section of thl;?:
report, 51-0-12C, Vol. IV), and rotates the injector throttle. Depending upon the ram and static  — &
pressures, injector orifices are cut in or out and the proper missile flight velocity is maintained. .8
Such a regulator must not be influenced by altitude variation. The following calculations demon- S
strate that differences in static pressure have no significant effect. 10 o

i
I
=

& L

Mach number is the ratio of the flight velocity to the velocity of sound at that altitude, and ma; _
be expressed by the formula: -

M= (2)  where M = Mach number
v = flight velocity (ft/sec)

o
4
=

c velocity of sound at the same .
altitude (ft/sec) .
=u,

8/ APJI No. F 13-91. ) g

£3

% APJ No. F 5-41. , - g

10/ APJ No. F 5-41, ’ | i B P
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The adiabatic head, or the pressure drop in an adiabatic expansion process, in feet of gas, may:'
be expressed as

‘ K Py £l 1 (3)
o = v — k —
A fa Ha.d RT & -1 [ ( Pl )
where
A H,q = change in adiabatic head (ft)
during the process Pl—¢- P2
R = specific gas constant
C
k = ratio of specific heats = (—:B
v
T = temperature of gas (°F abs)
_. P2 =  total pressure at the end of
iy the process = ptot (psi) o
P, = static pressure at the beginning '
f the process = P (psi)
o stat -
The flight velocity may be expressed by the formula .
v -v 2g AHgy (4) where v = flight velocity (ft/sec)
o g = acceleratig f due to gravity = ’
32.2 ft/sec ‘

and the velocity of sound as

c=\/kgRT (5) ‘

If equation (3) is substituted in equation (4), the resulting value of v divided by equation (5) and
substituted for v/c in equation (2), we get

, \/2’,?7-‘(“—5'-).[(%::7_)_!‘“‘_1_1] —

= : =55

2 I:( Pror )"‘T-L_ {
k-1 Psnr ()
b= av1-06008
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If equation (6) is solved for B> ,

ﬂiL vlhlldl-o.ﬂnll-u
therein: stat’ )

’ !
SREESEUE SN §

=1‘+[-(-_?L"'.(1.4-1)]

3 ( _EL°L) La-!
Psyat

( _M)"“ = 11185

Psrar

o Pror 499
Psrar

By proper proportioning of the lever arms and the balancing piston springs, as shown on
reference drawing, and by making a summation of the forces, one obtains:

(Z Vertical) Pgtat * Piot = PF (n

(Z Moment) 1 (P .) = 1.47 P, (8)
If the Pp spring is loaded to 1.1 Ib, this value substituted in equation (7), and equations (7) and
(8) solved simultaneously,

1.479 ptOt + ptOt = l.l

or

1.1
tot 2.4

0
"

= 04410

3

and

Potat = 0.66 1b

Identical three-convolution bellows are used to record both the static pressure and the total

static plus dynamic pressures. To maintain equilibrium in the "at rest" condition, the P bello

is then preloaded to 0.86 Ib and the P,_ to 0.44 Ib, according to the above calculations. °

It is necessary to calculate the maximum bellows travel in order to complete the detail donign
of the regulator. This may be done as follows, by assuming a 0.00787-in. bellows deflection per
‘ convolution per 100 mm Hg pressure differential, and by using the German technical value for sea |~

level pressure of 736 mm Hg. The static pressure difference between sea level and 32,800 ft
(maximum flight altitude) is then equal to 562 mm Hg.
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For static preésure: | ' -

8. . = sez(-"#f'%'-'o?—"-)a = 0.1328 in.

stat

..l"rom equation (8):
8y,¢ = (1.479) (0.1328) = 0.196 in.

' To show that the regulator depends solely upon dynamic pressure and is relatively uninflu-
-smced by static pressure changes with altitude, an allowable variation in M of +2% was assumed.
| Bquation No. (6) was solved for the high and low limits of M, and the value of the ratio P, /Py, .,

was found to vary from 1.502 to 1.459. It is then evident that ptot may range between two limits
for every value of Pytat) and this deviation is reflected in a deflection of the metering piston PF. {
However, if both values of Py, are calculated for various values of Pgtatr from sea level to

" 40,0& ft, the difference, or AP, is only 35 mm Hg at sea level, and decreases to 10 mm Hg at . ;-'"
! a, ft. yom o (R

The former results in a bellows travel of 35 (wl'io":—") 3 = 0.00826 in., and a metering piston —
deflection of only 0.00826 (T:ﬂ—) = 0.00334 in. This is of no importance to the operation of the — -'-'

—

' servo piston and the rotation of the injector head. i

[

(R

Neither the construction nor the operation of the servo piston were located in any of the” - &
screened documents. Therefore, in view of -the lack of information to the contrary, it may be as- ',
sumed to be a conventional, high pressure servo actuator, having no special design problems other| &
than proper materials selection. The servo fluid is Tonka, and the seals and gaskets must resist F—
its corrosive action. This is not too serious, as the Hs-117 Is a one-shot missile and the seals are
not exposed to Tonka until operation has been initiated. (- I

A further advantage of this control is that it acts as a proportional governor; i.e., the further
the thrust is from the desired value, the faster the correction is made.

‘Effect on Enging Performance

Since specific propellant consumption is an indication ot the efficiency of rocket engine
performance, a graph of the variation of specific propellant consumption with thrust for various
altitudes will indicate the relative merit of the individeal systems. Figure 7 is a plot of this
variation for sea-level operation, for 164“ ft, and for 32, 800 ft. Values of specific propellant

4

m
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consumption for other altitudes may be obtained by interpolation. At 132 lb thrust the specific '
propellant consumption is equal to approximately 6.6 1b/1000 1b sec impulse at sea level, and drg
to 5 lb at 836 1b thrust. At 32,800 ft, the specific propellant consumption ranges from 5.5 1b at
minimum thrust to 4.5 1b at full thrust. The latter value was not confirmed by test; it seems
rather optimistic. However, the curves are indicative of the general effect of throttling on spec
impulse. fl
- A comparison of the quoted performance of the 109-558 with that of the systems discussed
above would seem to lead to the conclusion that injector throttling was a simple and highly efficient
means of thrust control. However, the over-all estimates on this point are not clear, since many ;_.
practical difficulties were experlenced with the injector. Inasmuch as the latter is the crux of the -
design, reliable conclusions on this method must await the accumulation of further test experience. -

- THROTTLING OF PUMP SYSTEMS

Foreign rocket engines with pump-type propellant feed systems are most frequently encoun-
tered in large missiles or in piloted aircraft applications. In both cases requirements for control ¢
and operating flexibility lead directly to the requirement for thrust variation. Furthermore, with )
the exception of a few unusual proposals, all the pumps were of the centrifugal type.

Speed Control

Any analysis of throttling and its effect on pump control must, therefore, be related to the
fundamen 1 characteristics of centrifugal pumps. While details are covered in standard hand-
hooks, 11/ the fundamental relationships among pressure, quantity, and efficiency may be recalled
at this point. ; — 15

11/ For example, "Centrifugal Pumps and Blowers" by Church, Mew York, 1944; also Did « Kb
Kreiselpumpen” by C. Pfleiderer, Berlin, 1033, ) : - g
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The relations shown above may be expressed by the equations:

H, le le where H = output pressure head (ft of liquid) r’

— =9 T 2 Q = pump output (cfs) =

. B Q" K N = pump speed (rpm) =
a [ -

+ If consideration is now given to alternative means of throttling, described in the foregoing —+
*-| settions of this report, it will be recalled that two general ways of throttling are available: first, ;-‘-.-,_,
® ! by reducing the chamber pressure and the weight-flow through the chamber simultaneously; and T
£ "~ second, by maintaining the chamber pressure and reducing the weight flow. The former requires no_

E: .: special modification of the combustion chamber, while the latter requires a variation in the rocket é
e combustlon chamber throat area, and hence the use of a variable throat plug. .

The first alternative, simultaneous reduction of chamber pressure and quantity output of

3 a centrifugal pump, may be achieved in any one of three ways: 4 L

1. Pump-Speed \Control -

b

— This was the most popular form of control, and was used in one way or another in all ' -
leading systems, including the P 3390C, the 109-708, and the A-4. Assuming good pump design and: 50

4 —3 a well-matched turbine, it i8 possible to reduce the pump speed, and consequently the pressure and.:

23 = quantity, while still remaining in an area of relatively high efficiency. In extreme cases of throt- L‘.

; | tling, the pump speed may be reduced to a point where the efficiency is seriously impaired, but in '

95~ . practice this effect need not be of critical importance, since the propellant consumed to drive the 55"
: = pump is a relatively small percentage(~ 3%) of the total. F‘ )

& 2. Speed Control Plus Propellant Throttling e
f’ L‘C' ‘ The combination of pump speed control with propellant throttling was found in the }'" (qu _;

- HWK 109-509. Control of this engine was achieved not only by varying the pump speed but also by
,_j restricting the propellant flow downstream of the pump. This arrangement amounts to increasing - —
_’ . the pressure drop between the pump and the combustion chamber, hence requiring a higher pump-
S~ output pressure for a2 given throughput than would be the case if pump speed control alone were
. —4 used. This arrangement makes it possible to remain in a more favorable efficiency region. Also,
'-__.. ~Z the absolute amount of work required, hence the steam rate to the turbine, 18 higher than with pure
— speed control. The quantitative effects of these relationships must be deter mined by the interactlon B
.~ between the efficiency and work curves for each specific pump-turbine combination.

-u'

R

HMMUNEUMEEMER

3. By-Pass Control

By-pass control involves diverting a portion of the propellant back to the gsuction side

of the pump or to the propellant storage tank. Such an arrangement provides a fairly sensitive
: means of varying quantity without varying the pump speed, but it is, nevertheless, the least effi-
. _:1 cient method, because work is done on all of the propellant even though only a portion of it is

j utilized. loroonr the propellant is heated during the process, thereby raising its vapor pres-
60— sure and worsening its cavitation characteristics. An indication of this effect may be found in
' section 51-0-12G, VoL. V of this r t. It is not surprising, therefore, that this system was not
encountered in any of the foreign engines analyzed.

In this connection, care should be taken tn differentiate the so-called "overpressure
used 1in the 109-718 from true by-pass control. The 109-718 by-pass lines vcg used
mvoly to account for small variations in pamp output and no& for control purposes.
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' The second major method of J I3
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sure with throat area, has & varying
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constant speed at ever decreasing efficienci
chamber nozszle coefficient, ud possibly in the co
a;mclency Accotdm(ly, this method was propo
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mumm
-orothloowt“"ﬁ‘
hu-mrofdulnl but was never
use of practical difficulties associated with combustion chamber development.

The throttling arrangement and the méthod of pump control are both closely
with the design of the entire engine. As such, they are influenced to the greatest degree by the
mission and the desired performance characteristics. The most instructive method of m
these factors, therefdre, appears to be through fellowing some design sequences step by step with £
a view to evaluating the changes in control in the light of the engihe requirements. Accordingly, =3
examples have been selected for each of the types studied: the P 3390C (no less than 11 differeat |
versions) and the A-4 developments illustrate pur® speed control; the final version of the 100-509
is an example of speed control coupled with propellant throttling. Unfortunately, throttling by
throat-area variation was never carried through operational testing, and can be described only by
the suggestions made in a BMW patent application. -

Development of Control in the P 3390C

The P 3390C was intended as an alternative engine to the 109-509. It was designed to lncorpo i
rate many of the lessons learned from earlier developments, including the use of two combustion ..l
cha rs and thrust variation by infinite stages. This engine went through numerous changes in - _
thrust’and control requirements, illustrating the range of problems encountered. These are sum=- |~ °J
marized in Table 1, which should be used as a reference key in following the details of the evolu- >

tion of the P 3390C.

P 3390C DEVELOPMENT SEQUENCE

TABLE 1

Version Nos. 1 and 2

The original requirements for this engine were set by the German Air Ministry (RLM).
maximum thrust required of the engine was approximately 5300 lb, with each motor throtteable to !»

ATI-85006
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3 Proposal ~ Thrust Values (1b) "2
Version No. | APJ No. Date BMW Drawing No. Cruise Climb 3
1 336 8-43 (RLM Request) 220-880 1100-4400 plt,
2 335 8-43 (First Proposal) 220-1100 1100-5500 '
3a 3317 1-44 Sk 1157 220-1100 1320-4400
3b 337 1-44 Sk 1158 220-1100 1320-4400
4 [ - 1-44 Supplement 124 - = 558
5 ' 340 1-44 Sk 1247 330-1650 4400 i
6 | 338 2-44 Sk 12486 440-1320 4850 2
1 - 3-44 Sk 1248 220-1100 1320-4400 N
8 - 3-44 ERK 12274 220-1100 1320-4400 "
9 341 4-44 Sk 1297 330-1320 1100-4400 :
10 342 2-45 109-708B, 8k 1349 330-1100 2970-4400
11 - 4-45 109-708B-1 330-1100 2970-4400
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version, Sk 1187 and Sk 1188, The first sy
% 230 to 1100 Tb and a climb chamber of 18
r pressure of 426 psi. Two stéam ,
and one for the climb chamber. They
an overriding gear to the turbine. /' *

. Starting was through an electric motor. In this connection it was noted that adverse comment =

 obtained on the P 3300A as the alternate power plant for the Me-163, on the ground that the &
urrent demanded by the starter permitted only one airborne start, in contrast to the five or six -
itted by the Walter system. The controls were solenoid-piloted, using hydraulic servo power
nished by a lead from the Tonka pump. Thrust regulation was achieved through rpm control,

ained by coupling the peroxide supply valve to the pilot control. The following tables show per-
tinent pump and motor characteristics.

Turbine Pump Characteristics

Turbine , Pumps
5265 Acid
30,300 15,370

300 17.2 118
1060 1135

Combustion Chamber Characteristics

Parameters Cruising Climb

Thrust (lb) » 220-1100 1320-4400
Pressure (psi) 426 max 426 max
Propellant
Consumption 5.61 22.9
(1b/sec)

The following is the order of operation:
1. Close main switch (3). Current passes through only if the pilot stick is at zero. ,

2. Relay cuts in starter motor, causing pump for HgO9 to run. The turbine still does
not rotate, since there is a free-wheeling coupling between starter, HO9 pump, and turbine.

W, _RESTRICTED *~ |

4
4
o
i
t
L.‘
g
.
F
-




RESTRICTED

3. Pressure in the peroxide line to the regulator_valve (A) rises.

4. Opening of the regulator valve (A) by the pilot stick permits H30, to flow to the "%

steam generator of the cruising combustion chamber (steam generator). The turbine starts up &8

~ overtakes the pump free wheel clutch (B). Pressure in the peroxide line rises and cuts out the
starter (C), p probably by way of line (7). a :

. 5, Now the pressure rises in the propellant lines. When the pressure in both lines In."
reached the proper value, the pressure switches (12 and 13) close, automatically opening the
starter valvés for the cruising combustion chamber by means of the solenoid switch (14),

&

6. The cruising combustion chamber operates at 220 lb thrust. By further opening of th
regulator valve (A), the speed and pressure are at first increased; then, by means of the selectlng =
switch (D), the second valve in front of the cruising combustion chamber is opened electrically by =
the solenoid switch (18). ,“

This double switching was probably intended to serve the purpose of avoiding too largt”-
a drop in speed in the lower operative region of the turbine, where its excess output is small com- - -
pared with the power requirements of the pump. Now the cruising combustion chamber can be i
brought up to its highest value of- 1100 1b. iy

7. When the regulator valve is opened further, valve (18) of the second steam generator ~ _
is also switched in by the selecting switch (D). Steam pressure actuates the switch (19), which b
electrically opens valve (20) of the climb combustion chamber.

8. Owing to the foregoing operations, the thrust of the climb combustion chamber 5%
(1320 1b) is added to that of the cruising combustion chamber (1100 1b). However, since the pres-
sure decreases because of the increased demand on the pump output, an unknown thrust value will
result here.

*
Y

9. Further opening of the valve (A) increases the steam generator supply and the turbine —+
speed, and the thrust may go to its maximum of 5500 1b. ~Ean

10. If the propellant pressure drops (in an emergency), the electrical pressure switch
(17) cuts off all the solenoids, which shuts all the valves.

—

Version No. 3b Sk 1158 (See Fig. 9)

This schematic was drawn up approximately a week later than Sk 1157, and rtpresents a
notable complication of control.

1. The relief valve before the regulator (38) is replaced by an electrically operated
solenoid valve (11). There also is a controlled HZO2 by -pass which avoids the regulators.

2: A safety switch (10) has been added, which shuts off the entire system: if a pressure
higher than 1135 psi is attained.

3. A short circuit line (39) is cut off when the climb chamber is switched in, eumlmun(
the operation of the by-pass line. It should be notéd that the solenoid-operated pilot yalves are not
always drawn in their correct position. The drawing should, therefore, be used with caution.

. 4. The following thrusts are available:

Cruise Chamber 220 - 1100 b .
Climb Chamber 1320 - .4400 b,

ﬁﬁsm 3 A

Fai wee i propeiing cogy for publicahon with ..mu Pu. o i\m ']'0'1 tor ;
PRREEN & /
. ‘
.

ke .,-

oI i s E&nﬁ’!‘”* -~

7 ATI-86006

)
-




B distances.

s

'RESTRICTED

The control region is given as 220 to 1100 lb thrust for the cruise chamber and 1540 to 5500 1b
for the climb. It may be assumed from this that when the climb combustion chamber is switched
on, both chamber pressures drop to the value obtained at the start. Thrust is then recovered by
increases in pump speed consequent on the increased output of the steam generators.

-

Version No. 4 Supplement 124

This represents the comment of the research section (ERF) on the designs previously pre- 1.“
sented by the design office (ERK). ERF opposed the complicated controls and the electrical switch-+
ing equipment in Sk 1158, Extremely simplified hydraulic and electrical schematics were pre-

' sented. It was suggested that the following changes be made in schematic Sk 1158.

1. Eliminate the cutoff valves in the peroxide line before both regulator and steam
generator,

A

N & o
3. Operate valves using HpO9 as the sery6 fluid. This is particularly hazardous sug-

gestion, in view of peroxide properties and of the need for piping the hydrogen peroxide for long

2. Eliminate the cutoff valves for the Tonka and acid.

4. Eliminate most of the safety devices, including under- and over-pressure switches,

5. By eliminating the double "line switching" in the cruising chamber, simplification is
achieved. \

6. Eliminate the by-pass iines around the regulator (39).

Many of these suggestions appear to be on the rléky side. However, these ideas had a cor-
Tective influence on the complexity of the preceeding version.

Version Nos. 5 and 8 Sk 1247 and Sk 1246, dated January and February 1944

The suggestions in Version 4 for med the basis for simplifying proposals which, however, had
" a'definite effect on the controllable thrust range. The large combustion chamber was not throt-
tlable in these arrangements, and only the small chamber could be varied. The justification for
this change arose from calculations of Me-1638 perfor mance which disclosed that the climb cham-
ber would be required at full thrust or not at all, and maneuvering requirements could easily be
met with the cruise chamber. In this connection, however, it is8 worth noting that the maximum
thrust was hrought up from 1100 1b to 1650 1b. These suggestions, in common with the earlier
units, had a throttling range of about 4:1.

It appears that these proposals did not meet with favor at the German Air Ministry, since the
succeeding versions reverted to the throttling of both combustion chambers in an effort to provide
a throttling range as continuous as possible. In view of the urgency of the German military situ-
ation in April 1944, this decision does not appear to have been a wise one, since the additional work
required to control both motors imposed further delays on the development.

It may be conjectured that if the design had been frozen at this point and full use made of

components developed for earlisr n?u & fully operational unit might have been obtained by
approximately November 1944, This ek of realism, however, seems to have characterized a

large portion of German rocket ‘fesearch umxly :
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of Sk 1248 are the same as its predecessors;

retained. Similarly, the use of two steam

range and the second being turned on when

contains a number of penciled comments in , indicating that it was not satli

the arrangement as stated would permit the to start irrespective of the m
pilot's control. This result is, of course, undesirable.

The detail design of the u,a? regulatar (23) is not felicitous, since the possibiiity of i
cannot be ruled out and, hence, the second steam generator may be expected to start 'M

warning.

While the design proposed in the present arrangement appears to be a definite improvemes
over its predecessors, it can hardly be said to be satisfactory, because of the retentlon of the
electrical starting system and the parallel steam generators. -

Version No. 8 ERK 12274, dated March 1944 (See Fig. 11) ‘

This arrangement was prepared by the Zuhlsdor{ division and suggests an approach conm 50.
different from any of the previous units. The most important single difference arises out of the
elimination of all electrical controls and the substitution of a hydraulic system using H303 a8 tﬁ
working fluid. The kinship between this aspect of the system and that in Version No. 4 should N~
noted. .

Other changes were:

1. The electric motor start was abo.ndonod and a Walter type gravlty starter (FA and
GE 1) was substituted.
N

2. A hydraulic distributing control (A) was introduced for both timing and throttling.

3. A pressure balancing valve (B) was suggested to permit the matching of the respec-_. j-
tive pressures of the HyO,, the acid, and the Tonka, -

4. The acid and the HyO, pumps were geared to the turbine, while the Tonka pump wu?
driven directly. The entire suggestion is reminiscent of BMW activity on the P 3390A. ]

Version No. 9 Sk 1297, dated April 1944 (See Fig. 12)

This arrangement resumed the line of thought presented in Versions 1 through 7. It repre
the furthest extent to which the design analysis was carried, after which point it was frozen.
Components were fabricated and tested between August 1944 and February 1945,

Sk 1297 was important as providing the basis for the production unit 109-708B. It retains the §
major features which have characterized the main Hne of this development, with the exception of §
simplifying changes in the regulator and in the valve arrangement. The salient features, including =
the system of overriding clutches, electric start, and dual steam generatdrs, are retained 4

A new thrust range was selected, based on further studies for Me-163 performance. ’re- r'
sulted in a new throttling requirement which set up the following thrust requirements: =
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The outstanding feature of this version pértinest to the pregent report is that it has a throttie
control. Since it merits détailed description, attention is directed to that portion of Fig. 13 en= '

E 'ThMeMemolueg D of an on-off valve (ﬂ),nro‘lhtor_'ocﬂol(“),‘”’,;
. .~ 71 and its associnted pressure switch (37). The climb chamber is actuated by on-off valve (26) and =
'.9 regulator portiom (33). ] ;

The object of the regulator is to control the T- supply to the turbine, and hence the pump ==
E power determining the pump output. The rog.iﬁtor also designed to compensate the turbine ;
E for deviationg in the steam generator output firl ine performance. Hunting is prevented by thb
' 25— arrangement of the control, which lags the turbine output behind the pump, thereby damping the * |- 3
- system. : i

]

Regulator Construction

E 2o

' - Since only layouts of the regulator of the P 3390C are available, the construction as sho
- on the drawing D-5-3390C-7 (Fig. 13) will be analysed. Basically, the regulator assembly consis
of three controls: a cutoff valve (1) for the T-stoff delivery port to the cruise-chamber steam
generator, a slide valve (2) to meter the propellant to the first generator, and a similar valve (3)
to control the input to the second generator. '

o
0

boliiedy

_ Movement of the throttle is transmitted through a linkage to a gear segment. This,in  |—

. ~, turn, rotates a gear keyed to a shaft which has three cams (4, 5, and 6) keyed to it. The cams are [

b LU located directly below the valves, and are so designed and arranged relative to each other that the E:l‘oi' #

~ sequence of operation is coordinated with the motion of the pilot's throttle. o
A1

S

. The cutoff valve consists of a 0.197 in. diam steel rod located at right angles to the
l,=— 0.236 in. diam drilled outlet hole from the regulator.that controls the steam generator (for the
“+ cruise chamber operating range). In its upper pofition, this rod almost blocks the outlet passage,
while in its lower position it does not interfere with the passage of T stoff. The steel cam is a )
simple, two-position design which closes the valve for 110° motion of the shaft (approximately 40° ©

602 motion of the pilot's lever) and allows it to remain open for the remaining 250° shaft rotation.

Vertical motion of the cam is transmitted directly to the shaft through a roller pinned to a "U"
bracket on a piston. The steel piston slides in a reamed hole in the aluminum alloy housing, and
bears directly against the lower end of the valve shaft. Leakage of T stoff past the valve to the
atmosphere is prevented by a flexible, stainless steel bellows (7), which is welded to the double
concentric washers and held in the housing against a sealing gasket by a hollow nut. A similar
washer bears against a shoulder on the shaft and is held in place by a standard hex nut. Leakage *
is prevented by means of a thick, synthetic gasket or washer between the nut and the washer.

Proper tightening of the nut squeezes the gasket into the shaft threads. This effectively seals and
£ also provides a means of locking the nut to the shaft.

-

g? The T c of the earlier conclusion would appear to be better substantiated in the light of
Me-163operational tactics. Mach-number limitations would appear to preclude full- or

even-throttled thrust of the climb chamber at altitude. °

‘ ATI-86006
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The two HpOo metering pistons (8 and 9) are identical in size and shape. They are |

steel cylinders 3.7 in. long and 1.0 in. maximum diam, with a diaphragm or web in the center

which a shaft is attached. The pistons are necked down to about 0.8 in. in diam for a space L.

long in the center and 0.7 in. down from either end. The pistons slide in steel bushings (10 a

which are pressed into the housing and are reamed and lapped on the assembly. Properly dril

holes in the sleeve connect annular grooves in the housing around the sleeve to the necked do
portion of the piston and from there to the outlet fitting leading to the steam generators.

The 0.15 in. diam bolt in each piston serves as a clamp to hold on either side of the ce
tral web one washer each of two stainless steel bellows (12, 13, 14, and 15), constructed sim _
to that explained for the shut-off valve. The outer ends of the bellows are attached to 1.3 in. diam®
washers which are held in the housing by hollow, spanner -type nuts. Sealing of the inner space 1%
achieved by AN-802-type synthetic gaskets clamped between the washers and the housing. A *

sher-face nut is tightened down against a tubular spacer around the shaft. The inner end of th

& cer bears against the the central washer of one of the bellows assembly and the inner head
the bolt against the other. Thus, tightening of the nut clamps the two washers together against ;
hubs on the central web of the piston. Gaskets between the washers and the hubs prevent leakage, ° 24

- e
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Both faces of the washer nut act as seats for springs. One set of springs (16 and 17) is
placed between the inner face of the nut and the outer face of the lower bellows washer. The other
set (18 and 19) is placed between the outer face of the nut and the inside of a cup-shaped piston 50’
which carries the cam follower on a "U" clamp, as previously explained. The steel pistons for both
regulators slide in reamed holes through the center of the special nuts (20 and 21) which retain the:

lower bellows assembly washers.

' The steel cams are machined and then hardened and ground to final shape. Positive mo- . ki3
tion of the cams, as well as their locations relative to each other, is assured by proper location of
the key ways. The possibility of misassembly is prevented by means of hubs on only one side of

the cams and by the use of spacer tubes of varying length between them. . . 16

The regulator housing is machined from a block of aluminum approximately 8 x 5x 4 in. L
The valve cavities are drilled, bored, and reamed to shape, and connecting passageways are drilled=.
to suit. The cam portion of the block is milled away, except for a wall on either end to support the | —
cam shaft. A sheet-metal cover encloses this portion and prevents the entry of dirt. The exit and g.
entrance fittings are of the standard, flared-tube-connection type, sealed with AN-902-type gaskets_= i
All blind holes are plugged with hex-head cap screws and sealed by gaskets under the head of the
bolt. The assembly weighs approximately 6 to 8 1Ib complete.

T T R G R

Regulator Operation

The T-stoff propellant regulator is connected by means of gears, levers, and linkage to
the pilot's throttle lever. The total movement of the throttle is approximately 110° from the zero
to the full thrust position. This is transformed by gearing to 330° rotation of the cam shaft. The
arrangement is such that approximately the first 40° motion of the throttle controls the thrust of
the small chamber from "off" to 1320 1b. The next 30° movement causes the thrust of the cruising
motor to drop back to 330 lb, switches on the large chamber, and increases the combined thrust to
1430 1b. The last 40° of throttle movement so regulstes the turbine-pump output that the thrust of
the two chambers rises from 1430 Ib to 5500 1Ib. ¥

After the start button has been pressed (Fig. 12), the starter motor rotates the T-stoff
pump and sends the mroxide under pressure.to the servo-operated on-off valves (22 and 25) 1ead-
ing to the regulators.” Movement of the throttle makes an electrical centact (36), which activates
the solenoid pilot valve of the first on-off servo. This servo valve is then forced open by T-stoff
pressure acting against a piston, and the T stoff flows into the first regulatar. It then flows thro

|
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 maximum total thrust position is prevented by a threttling lever stop. If the rotation continued
' beyond the stop, the cam follower would drop off the. cam and the throttle could then not be returned
' to gero. It may be concluded that the over-all perfor mance of the regulator is dependent on the :
’ precise balances of the spring forces and the accurate determination of the areas involved. This

RESTRICTED

' drilled passageways into the upper and lower annuli surrounding the l&anclng piston and sleeve,

The upper and lower holes in the sleeve permlt the propellant to impinge on both ends of the seml
floating piston and thus balance any unequal end thrust.

Reverting to Fig. 13, the position of the piston in the sleeve is determined by the cam
position, and hence the throttle setting. Rotation of the cam forces the cam follower and the piston’
upward. This movement is transmitted through the spring to the washer face nut, and thence
through the connecting shaft and sleeve to the balancing piston. Upward movement of this piston
partially uncovers the 0.039 x 0.473 in. slit port (22) in the sleeve just above center. T stoff then 1
flows from the upper annulus, through the central necked, down portion of the piston, and back out
through the central hole in the sleeve. From here it is piped to the first steam generator.

TRk g'.w-

Steam generated by the catalytic action of the permanganate stones on the peroxide enters ™~
the turbine. As it builds up speed, the pumps deliver their rated output, and the starter motor cuts-
out. Further rotation of the cam by the pilot's throttle may then uncover more of the slit area,
allowing more T stoff to flow to the steam generator, until the thrust of the cruising chamber in-
creases to the maximum value of 1320 Ib. Any sudden surge of T stoff from the pump is trans-
mitted by momentum to the balance piston. This produces a momentary partial closing of the inlet;
slits, and thus tends to reduce the turbine-pump speed until equilibrium is again reached. The .
reverse takes place if there is a sudden drop in pump pressure. It is extremely important that the -
actuating springs be accurately designed, manufactured, and calibrated in order properly to bal-
ance out the momentum forces. However, the small springs and the dashpot effect of the T stoff on '
both sides of the balance piston prevent rapid fluctation of the outlet flow. This lag in reacting to 504
changes in pump output tends to stabilize the entire system.

The regulator performance is determined by the lifts of the respective regulator cylinders.
These, in turn, are determined by the cam motion. Figure 14 was developed from an analysis of ;
Mg. 13 and displays the valve lift as a function of cam rotation. It will be noted that as the cam 5 3
shaft is rotated the cruising valve gradually lifts to 2 maximum. Before the climb chamber may
be turned on, the cruising valve lift is dropped, thereby throttling the steam generator and, hence,
reducing the turbine speed. This arrangement has the effect of dropping the cruising chamber

- thrust, and permits both climb chamber and cruise chamber to build up from very low values. L0

The relevant regulator performance parameters are presented in Fig. 15 for both the _-"
cruising chamber regulating cylinder and the ¢limb chamber regulating cylinder. In evaluating the ' :

over-all T-stoff supply to the steam generator as a function of thrust, it is necessary to add both _
values in the region above 1430 1b thrust. T

The overhppin; of the respective sections may be viewed in the light of the cam develop-
ment shown in Fig. 14. An interesting feature of the design is the use of the shutoff valve to re- A
strict the T-stoff flow to the steam generator. This would appear to indicate that the use of the v
pistons by themselves is not satisfactory.

Certain mechanical details may also be noted. The movement of the cams beyond the

;!
=

R

typo of regulation requires extremely accurat¢ manufacture, and may be expected to cause high

3 - rejection rates. The need for balancing spring forces is a particularly difficult point. ’:‘— y
< ° Effect of Regulator on Engine Performande =
6, __—: 4 & ""'_ -
2 It will be recalled that the P 3390C control cosists of varying the pump speed. — 0
~| This, hm,uschhndbycouromquMo( totlnstungmratorbytheroahm —
:-: valve, whose operation and performance was discussed —
“‘mm.. e | 8 I
3 D - -
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related with the regulator performance by using it ia accordance with the above d *a
17 gives the turbine~pump performance eorrupud*; to the steam generator od;ut at the
tive thrust levels. o

The power output of the turbine is proportional to the steam pressure and to the qua
of steam. If the pressures at any two points are equal, then the horsepawer is a direct
the steam flow. This is exemplified by reference to Figs. 16 and 17. For thrust values of f
and 5720 1b the stegm pressures are equal at 340 psi, and the steam flow values are 0.446 1
and 1.064 lb/sec, respectively. The turbine speeds are equal to 30,000 rpm at both points.
may readily be checked by the following identity: .

HI‘,1320 =~ (PQ)sz

HPg5799 (PQ)s 720

111.2 o 340.6 (0.446)
266 340.6 (1.064)

0.418 = 0.419

' 5

The use of two steam generators introduces an additional difficulty in the requirement that
each be matched to generate equal pressures at the same throttle setting. Experience with catalyst-
stone steam generators indicates that this is rather hard to do, in view of the possibility of differest:
pressure drops and injector performance from unit to unit. BMW apparently realized this difficulty”
because the final version of the sequence, the 109-708, eliminated the second steam generator.
While tests were never conducted to substantiate this fact, it is safe to conclude that the use of a
single steam generator would prove to be more satisfactory than that proposed here.

Figure 18 presents the sea-level engine performance parameters as a function of thrust.
The specific propellant consumption for the cruise motor alone varies from 7.1 1b/1000 1b sec
impulse at 330 1b thrust to 5.37 at 1320 1b thrust. It then increases to 7.10 again at 1430 1b thru
because both the small and large motors are operating at their lower throttling range extreme.
The Ysp decreases again to 5.37 at 5720 1b thrust. The reason for the variations in Ysp with thru
has been explained in a previous section. :

It is interesting to note that, although the specific propellant consumption curve for the 1§
motor and steam generator combined is practically parallel to that of the motor, it diverges
slightly with an increase in thrust. This is true for both the small thrust and the combined thrustl
The reason for this deviation is apparent upon examination of the turbine efficiency curve from '
Fig. 17. The efficiency varies directly as the thrust from 330 1lb thrust to 800 1lb, and from 1430
b to 3400 1b, and thereafter deviates downward with a further increase in thrust. Obviously the
decrease in turbine efficiency results in a greater steam consumption for any given power output.
This is directly reflected in the over-all specific propellant consumption.

Figure 19 plots specific propellant consumption as a function of the throttling range for
various altitudes. Attention is called to the fact that the propellant consumptions do not match
those of Fig. 18. This+is apparently true because both sets of calculations are based on theory,
making use of differing sets of prototype test data. Decision as to which of the two curves is more':
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hw s6'sf the medsle cosllicient s further {llustrated by the spectacular improw

— ments predicted for operation at increased al . The predicted improvement is quite

"~ lar. For eiample, wgy at full thrust equals 8.1 1b/1000 1b sec impulse at sea: level, and doc -
7] 104.6 for the same thPust at 52,500 . | B

The deterioration of performance wi thrdttnnguquotoduboh(muchlmntlltttld_t _
than at sea level. This would appear to e that the throttling eurves presented are based

sumption increases by 34.3%, while for 52,000 ft by only 17.4%.

Bt
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Yersion No. 10 109-708B, Sk 1329, February 1945 .

ity

e __ ment. (See Fig.20. Version No. 11 embodied only minor changes.) After spending approximately
30—_§I & year on the P 3390C Version No. 9, including component testing, it was decided that the urgency |-

-— possible a corresponding simplification of the r egulator control from a set of metering pistons to

=
The method of control, however, remained the same. Throttling was achieved by pure speed

control, but the throttling range is now discontinuous. The cruising chamber may be throttled from
1100 1b to 330 1lb, and the climb chamber from 4400 1b to 29

tling the engine between 11Q0. 1b and 3730 1b./
A further change influencing the contré)l system arose from the use of compressed gas to

3 of the T-stoff output pressure during throttling, and also makes hunting impossible. The T-stoff
regulator is now a variable orifice control instead of a combined variable orifice + speed control,
J as in the previous versions.

Regulator Structure and Operation

While no drawings or detail descriptions of the T-stoff throttle valve were located, enough
3 information has been deduced from calculated curves to permit a reconstruction of the regulator
operation principle. It appears that the regulator consisted of a simple needle valve, whose conical
poppet may be accurately positioned with reference to the seat. Poppet motion is linked to the
pilot's throttle and to a solenoid turbine overspeed safety which may override the pilot's control.

Reference should now be had to Fig. 21, giving regulator perfermance; Fig. 22, corre-

sponding steam generator performance; Fig. 23, turbine-pump performance; and Fig. 24, combus-
tion chpmber performance.

In its closed position the steam generator throttle acts as the shutoff valve for the T stoff.
As soon as the pilot's throttle is set to the start position (330 Ib thrust), the conical plug is moved
80 that it partially unblocks the orifice and allows 0,177 1b/sec of T stoff to flow to the steam

' ’ ATI-86006 | 27 ) :
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largely on varying the nessle coefficient with gltitude. Thus, for 80% throttling, the sea level ton- 2

The BMW 109-708B represéhts, for practical purposes, the final stage of the P 3390C develop+

. of the situation was such as to require that a produetion article be made available without delay. —: .
"~ Accordingly, the Version No. 10 design was most drastically simplified by replacing the Ha09 oy

| pamping system with a Walter pressure-fed steam generation system. Similarly, two BMW steam E—

i o Lol

. 55— generators were eliminated, and a single Walter catalyst stone type substituted. This change made - 3 _,_-

i
— a needle-valve arrangement. =

e

=i

o
g

v
>
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b, There is no possibility of throt-

supply the T stoff to the steam generator. This eliminates the difficulties consequent on variations -

'.
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generator. The 58 psi pressure generated in the steam generator develops 14.4 hp output from the(3
turbine at 8050 rpm. The pumps then deliver 2.34 b of propellant per sec at 188 psi to the small |
combustion chamber.. A thrust of 330 lIb at a chamber pressure of 102 psi is then developed.

Further movement of the pilot's lever gradually opens the throttle orifice area from
0.00184 sq in. to 0.00874 sq in. The thrust of the small chamber increases to 1100 1b, and the
pumps reach their maximum speed of 17,000 rpm. The pressure drop across the regulator has
decreased from 510 psi at the start to 314 psi, and the T-stoff flow has risen to 0.665 Ib/sec. This::
setting corresponds to the maximum thrust from the cruise chamber.

3
5

H",t

When the pilot's throttle is moved beyond this setting, an electrical contact is closed and | . 1
the shutoff valves of the large combustion chamber are opened automatically. Because of this in- :f 4
creased demand on the pumps, caused by the sudden increase in discharge area, the speed momen--— S8
tarily drops and the pressures decrease. The throttle setting is not ::\;anged during this transition  — =%
period and the turbine-pump speed increases fairly rapidly to 13,280 rpm. The pump output is now — =
21.4 Ib/sec at 524 psi, and the combined thrusts equal 3740 lb. The turbine efficiency drops be- _'2&_“
cause of this change and the horsepower outpyt decreases from 133.8 at 1100 1b thrust to 114 at g
3740 1b thrust. <Both cruise and climb chambers are now working at relatively low chamber pres- . _

sure, 5

The total thrust may be gradually increased to 5500 1b by opening the throttle orifice to .~ 5
0.0276 sq in. The conical plug is completely freed from the 3/16-in. diam hoTe, and the T-stoff flow
is 1.09 1b/sec. The turbine output is 240 hp at 17,000 rpm and the pump discharge pressure is 852/

psi. The pressure in both chambers again reaches 341 psi. Throttling is done in the reverse
manner to that above. = 55

.

Figure 21 shows'the regulator performance as a function of thrust. Since the regulator
is nothing more than a variable orifice, the hydraulic parameters adhere approximately to the flow\:":

formula, Q= CA \/_29;’_ AP E—yd 4

For example:

Ay . e ‘.
for 330 1b thrust E—‘h
o - .II
Q = flow through regulator = 3.87 cu in./sec .
A = orifice area = 0.00184 sq in. E‘ L
AP = pressure drop across regulater = 510 psi

for 1100 1b thrust

.

Q = 13.65 cu in./sec
A = 0.00874 sq in.
AP = 314 psi

Q_l ) AIMAPI
- TQ Ay APy

3.67 _ 0.00184 /510
i3.65 = 0.00874

L
| 3
-
v
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w
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4
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ol 0.260 = 0.200
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If the flow formula presented above is rearranged and solved for the flow coefficient C,
we¢ have for 330 lb thrust:

Q

A\ 2g AP/p

3.687
0.00184Y/ 2x32.2x(12)x510/0.05

0.713

A At

{1 VI

o
0

o

[ S

| &)

Check calculations were performed for other thrust values and indicate that the same flow _

coefficient was used throughout the entire range of regulator settings. This is incorrect, since the, _ 25
flow coefficient will vary with the poppet position. However, this assumption is reasonably accepta=
ble in a preliminary calculation, but it would have to be modified in accordance with test results.

Since the thrust is not variable between 1100 1b and 3740 1b, the curves on Figs.21 through
E ' 24 are dotted in this region. Once the large chamber is cut in, the throttle i8 not moved until nfterE
~ the combined thrust reaches 3740 Ib. As a result, the regulator performance remains constant and‘m

the curves are all horizontal.

- Figure 22 isaplot of the steam flow from the generator and its pressure as a function of
- thrust. As the steam generator performance i{s directly dependent upon the amount of T stoff de-
livered to-it through the regulator, the steam flow, Wy, is a direct function of the T-stoff flow, Q
(Irom Fig. 21). Superimposition of the two curves substantiates this.

4 Figure 23 presents the parameters of turbine performance and their variations with t

plotted to indicate their general trends. The values are conventional in the regions of controlled
' thrust and need no special explanation. The transition between 1100 1b and 3740 1b thrust is drawn |

* continuous in this range and the shapes of the curves are immaterial.
. are opened, the pump-output demand changes the pump and turbine performance to such an extent

0— out from Figs. 21 and 22, the steam generator performance remains constant thro

. This decreases the power output of the turbine from 134 hp to 114 hp. The turbine-pump combina-
: -4 tion theoretically stabilires at 13,280 rpm, with a resulting pump discharge pressure of 524 psi.
ge
& *‘.-m

crease in the regions of higher thrusts (Fig. 22) to compensate for the lower rate of increa
.4
- of

ine efficiency for the same region. (See Fig. 23.)

} Flguro 24 shows the results of this turbine speed control on the engine performance. The
specific propellant consumption of the motor with and without the T stoff required by the turbine
and the chamber pressure are plotted against thrust,
plotted as straight lines for convenience,

o
(@]

The specific propellant consumption of the cruising chamber increases from 5.2 at full
thrust to 7.1 at 70% ling. The specific pellant consumption for the higher thrust regions
quite comparable. It
For the same throttling of the cruise chamber, the anlﬂc_ ;rOpellant consumption rises from 5.2
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. a8 a straight line, but the performance does not necessarily follow this trend. The control is dis-
When the large motor valves

© that a new equilibrium is establishedat a lower speed but at a higher pump discharge. As was pomte@ |

this tran-
1 sition period, but the turbine efficiency drops from $7% at 1100 1b thrust to 48.1% at 3740 1b thrust} -

' T¢ maintain a uniform increase in horsepower output, the steam flow rate from the steam generato

£

The curves in the transition period are again—_

jes from 5.1 to 5.7 for 32% throttling from the maximum of 5500 1b thrust.

1
I' rx.
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. The turbine speed, efficiency, and horsepower output, together with the pump-output pressures, arg - /1=
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to 5.85. The total speecifie

is also plotted. The shapes of ﬁm
ficiencies are taken into account in computi

The incl of the A-4 power plant in 1
although the 1 duration of throttled o is very small (of the order of 3 sec out
This discussion will concentrate on the r for control of thrust and the meck
i which it is achieved. Because the total throttled is so short, no attempts were
| determine any changes in lpocmc propellant ¢onsumption,

of throttling is of definite &

I G

The requirement for throttled operation arose trom the roughly elliptical flight path of the'
A-4 missile. The range is determined to a large dqgru by the missile voloclty at the end of
thrust according to the formula: '

where 8 = range after combustion cutoff
S=v* sm: £ vo = velocity at cutoff _
€ = angle of departure at cutoff. -

Since the A-4 had a fixed climbing program, the angle, £ , remained constant after 48 sec of

flight, and the range was proportional to the square of the velocity at combustion cutoff. This is'
. shown by Fig. 28.

Figure 26 shows the flight trajectories for three different cutoff points. It will be seen that &

accurate determination of the cutoff velocity is therefore essential, and that time delays must be -} ':
minimized if accuracy is to be malntalned.

Three practical methods of 1n1ttating this cutoff process were used:

1. Propellant Exhaustion

This method is obviously the least accurate, and is made the more difficult by oxyge 5
evaporation. To facilitate control and minimize time lags, it was decided to shut the engine down |
by first reducing the thrust to 17,000 1b and then shutting off completely. It was found desirable t
initiate the throttling process at a velocity of about 5% less than the final desired value. The

throttling is achieved by pure pump speed control, in which the supply of T stoff to the steam
generator is decreased before finally cutting it off completely.

2. Integration of Acceleration

. The velocity was measured by an accelerometer of the electric cell or gyroscopic )
type, and integrated with respect to time. The combustion cutoff process was initiated at a preset
velocity. This method was used in about 50% of the test flights and in about 80% of the rockets
sent against England.

3. Cutoff Signal Transmitted by Radio

The velocity was measured by elaborate signal receiving and transmitting sets using
the Doppler effect. The cutoff signal was transmitted by radio at the correct velocity. This was
" used in about half the test flights, but for only about 10% of the flights to England, because of in-
sufficient ground installations and increased danger of air attack during operation. However, it
was more accurate than other methods,
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- The main peroxide cutoff valve is shown on Fig, 27. It is composed of a cast aluminum alloy "
. housing with synthetic rubber cup seals, a steel piston (2), a steel spring (4), and a steel poppet (3)t
ua_4 The peroxide enters through port (6) and leaves via port (7). The final or by-pass peroxide cutoff ~
J < valve is located in a line between the inlet and port (8) , B0 that the position of the poppet (3) either |
-3 closed or open does not influence the flow of peroxide through the smaller valve. By the action of N
— spring (4), the poppet (3) is normslly held closed against a synthetic washer inserted in the cns_ung;‘ )
- High pressure gas entering the valve cover through port (1) forces piston (2) downward against the
-~ force of the spring (4). This motion is stopped by the skirt of the piston striking against shoulder ;.
- (5) om the housing. Leakage of gas past the piston is prevented by the upper cup seal and the space
the piston is vented to the atmosphere through hole (9). Leakage of peroxide past the stem is
|prevented by the lower cup seal. Both seals are held in place by steel washers and snap rings.

The poppet 18 screwed into the piston, but no provision is made for locking it in place. This is
a defect in detail design. The valve cover and the inlet fitting are screwed into the body and sealed-
by metal-to-metal fits. The cover and fitting are lock-wired together to prevent inadvertent loosen*

13/ APJ Document 5-5 and FE 125,

ATI-B86006
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The final cutoff valve is shown in Fig. 28. It i8 composed of a standard solenoid hav
able core (8) which is attached to a long narrow push rod (8). This rod extends through a small
central hole (10) in a large piston (4) and pushes against a smaller piston (2). Both pistons
normally held closed against soft seat inserts, (5) and (3) respectively, by the upward force of
spring (1). Peroxide enters port (6) and leaks around the periphery of the loosely fitting piston ¢
The pressure of this peroxide reacting agalnst the under sides of both pistons further holds them %
closed until the valve is actuated. } =

’

When the final cutoff signal is received, the solenoid is energized. The core and stem move = &3 oy,
downward, and the small piston (2) is forced away from its seal (3). This permits peroxide to flow "’
through the orifice (10) faster than it can leak in from the inlet. This relieves the pressure from = : :
the under side of the large piston and allows the skirt of the smaller one to engage the snap ring (11}
and force the piston (4) open. Peroxide can then flow from the inlet (6) through outlet (12) into the E’
central body of the previously described valve and then into the steam generator. Leakage past the:= "~
stem (9) into the solenoid housing is prevented by a cup seal held in place by a washer and snap E '
ring. Screwed exterior fitting and covers are prevented from loosening by lock wire. Tl

The valve and the connecting lines are of sufficiently small gize that the peroxide flow is limit+ -
ed to a value which cuts the thrust to the prescribed 17,000 lb. When the valve is de-energized the
spring forces the pistons closed in reverse order and all peroxide flow ceases. The turbine stops -

N

and the thrust drops to zero in about 23 sec. - :
- 30
This four-to-one decrease in thrust increases the specmc propellant consumption, but as the —
low stage thrust is in operation for only a few seconds, this is immaterial to the operation and the —
resulting range of the missile. : =
Propellant Throttling and Speed Control R -
The general characteristics of propellant throttling have been described above. It offers an E: v
extremely simple method of control but, unfortunately, has adverse effects on the propellant (by E- :
warming it) and also wastes the energy lost in the throttling process. It is, therefore, reasonable :—li-? 1
that pure propellant throttling was never encountered but rather was found in combination with .
pump speed control. It is also noteworthy that the HWK 109-509 rocket engine, which was one of = =

the most successful developments, made use of this method.

'z

Inasmuch as the throttling and pump control are closely related with the over-all design of the
engine, it is desirable to begin an analysis of the 109-509 throttling by a general description of the
engine operation.

A Y

Operation of the HWK 109-509

e

The operation of the 109-509A -2 rocket engine may be followed by referring to the piping Llyoft- -
schematic, APJ Dwg. No. 051-900-14-00. (See Fig. 29.) The main propellant tanks (18 and 19) are
first filled with fuel (hydrazine hydrate + methyl alcohol) and oxidizer (hydrogen peroxide), and the
small gravity feed tank (29) is filled with HoO3. When the tank valves (20 and 21) are opened, pro- ;

pellants flow from the tanks through the statically sealed pumps (13 and 15), through lines (3 and 2) 4
to the regulating valve (25). H209 also flows from line (2) through line (17) to the pressure regu- E: |
, lator (27). E" A
v
Operation is started by opening the hand valve (31) of the gravity tank (29) and allowing the E—
- peroxide to flow into the steam generator (23). Steam, formed by the action of H with the cata- —
< lyst in the steam generator, flows through line (1) ta the turbine (14), starts the turbine rotating, -~ 2
- and discharges to the atmosphere through the exhaust line (30). Steam slso flows through line (42) r-_e i
. and check valve (28) to the gravity tank by way of (41), thereby maintaining practically a con~ [~
= stnnt head of HyOg to feed the steam generator dlrng iduu operation. —
. ATI-86006 i == | 42
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Steam also flows from line (1) through line (16) to the heat exchanger (26), and discharges lnto
" the combustion chamber through line (43). Ejector pumps (not shown) operated by steam from 5
line (1), create a suction in the discharge section of each pump (now rotating with the turbine), and =7 -
expel all the trapped air in lines (2) and (3). Lines (2) and (3) are now full and partially pres- !
surized. The excess propellants return from the pumps to their respective tanks through lines (22)
and (24). .

The hand valve (31) can now be turned off; HyO9 is fed to the steam generator (23) from the
idling portion of the throttle valve (27) via line (40), check valve (28), and line (42). The gravity
| tank (29) is refilled for the next start from line (41) through the check valve (28).

[T

. The rocket engine is 'now ready to start. The throttle lever in the cockpit is turned to No. 1
position. This lever is mechanically connected (line 44) to the control portion of the propellant
| regulator (25) and to the Ha09 throttle valve (27). When moved to the first position, it allows fuel
to flow from the regulator to the cooling jacket of the combustion chamber through line (4), back to:

the regulator through line (5), and then back to the first stage injector (33) through line (6) and the

heat exchanger (26). at the same time flows from the regulator (25) through line (8), through

the first stage 1njector% 33), into the combustion chamber (32), igniting with the fuel and producing

330 1b of thrust. The movement of the throttle simultaneously permits more H 02 to flow to the

steam generator (23), gpeeds up the turbine-driven pumps, and maintains the propellant flow and |

| pressure at the proper values. f :
s

Further extension of the pilot's throttle lever allows propellants also to flow through lines (7) ’
- and (10), and (8) and (11), to the second- and third-stage infectors (34) and (35), respectively,

. thereby producing an ever-increasing thrust to the maximum value of 3740 lb. The unit may be
throttled back at will to any desired thrust value, including complete shutoff, by controlling the

— respective regulators. A lever controlling valve (31) is accessible to the pllot who may restart
— - the engine at any time by following the previously described starting procedure.

35 4

A constant mixture ratio is maintained at all times by the regulating valve (25), and the speed !

P 40— _— of the pumps is controlled by means of the pressure regulator (27). These valves will be explalned ',‘*Q'-'_
= below in detall. , ‘3

.. —f‘ Regulator Structure and Operation ; i
45— —L53
- "1 The foregoing description has emphasized the central importance of the regulator valve -
- and of the turbine regulator (parts 25 and 27, respectively, in Fig. 20). The proper coordination of | ~
' these controls permits a precise regulation of the engine through the entire throttling range. It '~
0—_—1 algo acts as mixture ratio and shutoff valve control, and performs various other auxiliary func-
. —— tions. It is, therefore, desirable to consider the regulator and turbine throttle in detail.

—3 The following discussion is concerned with the construction and operation of the main = E
" regulator. Figures 32 through 35 show the valve assembly and components in relation to each Tl y
5:% other. The regulator may be divided into four main sections. - 595
g - a. Propellant cutoff vafves = %
= b. Propellant-metering control t "_
60 c. Pressure ratio balance pistons 60 &
3 % d. C-stoff filter : : =
S Reference should be made to Fig. 30, which is the basis of the following detail analysis.
069 — This will be facilitated by first defining the mlous ]ropellnt inlets and outlets shown in the 65
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Throttling and shutoff are achieved b{‘the rotation of the metering ﬂln (1

n valve meters the servo fluid, C.
the proper channels, and permits the pilot to have complete control over the entire thrustp
The operation is automatic once the servo control valve is moved to the proper position. i

The regulator assembly is bolted to the engine mount plate by means of hex-head
screws. These screw into steel inserts similar to the one-piece Rosan type familiar in
country. The inserts are screwed into cast bosses ¢n the housing, and are held in ph«
interference fit. The bosses are on two separate valve castings, and are faced flat.

* to insure flush mounting. This is done to prevent misalignment of internal A

sequent jamming. It also prevents cracking of the castings during assembly. The cCrows
prevented from loosening by lock wires,

The regulator housing consists of four separate aluminum alloy castings, in addition b
four cast covers. (See Fig. 33.) The valve is separated into a T-stoff side, a C-stoff side, & Spacs
piece, and a C-stoff filter housing. Covers are mounted on each end of the cutoff valve ly;
one cover seals and retains the rotary metering control, and another caps the filter housing.

Accurate machining of these castings is required to insure proper alignment and sealing
between each section, but the use of bushings and the sectional connecting push rods permits
reasonable assembly tolerances.

The liberal use of synthetic rubber seals and properly located drain ports, together with
the sectional design, practically eliminates the possibility of propellant intermixture. Coincidental~"
faillure of two'opposed seals might permit propellant mixing, but the likelihood of such a’happening

is most remote.

Aluminum-alloy castings are anodized and impregnsted with wax

" “vent corrosion. All pistons except the aluminum servo pistoa (10) are -A‘l

wt
-

4 The regulator occupies a space tgw(_timtoly 11x 11 x 18 in., and weighs 28 1b.

are all push rods and similar moving parts. The bushings, cylinder liners, and valve
made of brass on the C-stoff side, and of steel wherever T stoff is present, This is because any
‘ copper present dcts as a catalyst for the peroxide and causes its dccompo:ition All springs u'Of
i of steel.
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mm(u),
n movemest to the T-stof! |

without

te shaft (30) and
m that the spring (33) keeps

g lm:t C stoff past the poppet stem (13) Nows back to the pump inlet mﬂnm
g nip Leakage around the threads of the nipple to the outside isyprevented ’z:n -
m rubber gasket (78). Leakage of C stoff from the injet port (1) jnto
_ by means of 2 metal-re-enforced synthetic rubber washer (36), scre
31 ul the inter mediate connecting shaft (28). As mentioned above, leakage
{10) is limited by the cup seal (47). The small amount that does get by is wrlod away, -
A the common drain, back to the pump inlet through the fitting (XIII).

Propellant leakage around the push rod (30) into the inter mediate casting space is pre=
U the use of bellows-type synthetic rubber seals (46). These seals are so coastructed-that
tt' grip the greoves oh the shaft and the housing. The tension in the rubber effectively °
y and the bellows-type construction permits unrestricted movement fore and aft, .
Mhe '&‘ provide o pcetically fail-proof joint, are easy to assemble, and have an ulmo-t un-

o

" Sealing of the T-M poppet stem and cover is similar to that of the C-stoff poppet. -All |

fif leakange is piped from the common drain through fitting (XII) to the turbine exhaust. Drain
y be done through fitting (XI).

i during "off" and "idling” by the combined 3
pressure acting on.-both conical seat valves. — 50°

on the servo piston (10).
*m . :
‘valve chamber through inlet (1) and is blocked~
p enters the regulator through inlet (XV) and 18 P
'mxo« the metering cylinder (11) (explained below i

$ from inlet (1), through the cylinder(11),
(10) Pressure is slowly built up
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£ valvés (12 and 13) open. At the same time a portiomil’
of the C stoff under pressure is led from the kcylinder (11) through fitting (XVI) to the combustion ]
chamber drain valve. This valve then closes.

% O!‘Illcm(u) prevents the rapid buildwup of pressure behind the servo pisten (10), and
g hence slows the valve’s opening. This permits the tlosing of the motor drain valve before the tlll

flow of C stoff from outlet (11) can go through the motor cooling jacket to the drain valve. The "

C stoff is then forced from the cooling jacket pack tp the regulator. It enters through the inlet -
(111), passes through the filter into the center of the metering control cylinder. Orifice (51) alse it
prevents rapid valve shutoff and eliminates the possibility of water hammer.

_ As soon as the servo pigt@h opens the poppet valves, T stoff flows from the cavity above::
the valve into the cast recess s unding the three pressure-balance piston sleeves. It is pre~:
vented from flowing to the chamber by the closed position of these pistons.

The first step of operation is now complete The pumps and propellant pressure have:v:
reached the proper idling values. The pilot's throttle may now be moved to the first-stage thrust. it
. position. . \

. 'm walves may be shut by rotating the cyllnder (11) below the 13° point. This drains the i
umcyﬁldﬁr in front of piston (10) by way of the orifice (51) into the drain below the pistort; TThels

_springs (33 #md 107) and propellant pressure force the valve tightly against their respoctim
thus m the flow of propellants to the motor.

m Metering Control (See Figs. 30 and 34) o~

sn The saetering comtrol (11) is a partially hollow, hardened-steel cylinder. It has's shafté
” end, to ' which is splined and bolted the actuating lever (144). Three oblique longitudtsiat-powsy:
,il‘ (spaced 120° apart) are milled in the hollow portion, and a series of gréoves-are
‘I thd ‘solid portion nearest the shaft, (See Fig. 37.) The cylinder rotates in & lﬂ.ﬁl :
1 is the housing. This sleeve (Fig. 31) has six rows of three holes each; vorre~ -
to'the holes and slots in the rotary cylinder Their relitionship is suchd '
’h‘r.pu' propellant flow for each throttle setting.

¢ tast aluminum housing has sfx annular grooves in alignment with ,
it ] dﬁ&ﬂru larger grooves is connected to an outlet ﬂttlng'
i data 'is n -on the respective pressure drops, they appear to beof't
the propeuant-throthlng feature. The use of the BAM¥ ¥
509 was achieved by changing the orifices and providing'a hew

f i mllble\\j‘ g ) &
MISIL blelid hele Thot shown) connects the center of the rotary cylindeér to thecuhinsf Ji
ipgassure to act on both pnds of the cylinder, reducing the eut&untem =%
#he stem is prevented hy a griaphite-asbestos packing (50) ' by =
through joints or around fittings is prevented by synthetll!rw : '
otc.).

il 1

ass washer acts as a|bear cover (9). A 1
@ the cylinder, which buth agat st a responding stop i

eation of the rotary cjund tho sleeve is fixed z a shoulder o

ud of the ro(n lve |
the joint betv
y cylindet an

1Ml
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1 The operation may be broken down into five distinct steps: off,idling, and thrée thrust
| stages. ' The transition betwesn stages, however, is quite smooth, as explained below.

| (-

off

When the pilot's throttle lever is set at zero position, the rotary valve is against its stop.
The relationship of the rotary cylinder to the !ixéd $leeve may be seen from Fig. 36, view 32a.
The White'portion represqnts the sleeve ports md he bisck portion the alignment of the slots in thé"
cylindé¥ 'with the porta. Alignment in the o M is ‘shown 1 the left-hand figure (No. 1). The
pres#ifé oylinder of the main sexvo piston nmdto tho dratn from port (2) through port (3), v Lhe
and th¥ 'siutoff valves are closed. tne 4

The port alignment for the {irst 13° rotxtion of the control lever (144) remains the same
= as 1 the 60 position, as shown by No. 2 in Fig. 36, |'The only change in engine operation during this
Bl firsf Fotation is the movement of the steam g Lﬁtﬁ‘ tlu‘dttl.c to the idle position and the subsequedt' “
= buildSup of ‘the turbine~pump rotation to lM’ peed
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- located adjacent to, and in the same plane as the majn shutoff, on-off valves. Care was taken to
insure the separation of propellants to avoid iatermixing and resulting explosions and fires.

NANNARANE

The C stoff 1s led from each port pa;nnmm(vt-lﬂ.!'k-“)hm
second- and third-stage injectors. Orifices into each fitting to properly meter the
C stoff to the combustion chamber. 8 C stoff is led from the annuli to the top of

the proper propellant balance servo pistons, (i nnd , Pig. 30, upper left hand section).

Thrust may be decreased gradually

ion of the pilot's throttle lever. In order full advantage of the propeliant-r
sign, it is necessary to move the throttle lever A at least 15 to 20 sec from
ignition to full thrust. Rapid motion in either cuts ml in or out too rapidly and

may result in line failure due to sudden surges of liguid under pressure.
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Pressure Ratio Balance Pistons (See Fig. 34)

As mentioned above, the C stoff is metered to the motor by means of the rotary control
valve. The T stoff, however, is controlled by means of servo operated valves. These valves are
actuated by the C stoff and therefore the timing and pressure of T stoff is directly dependent upon
the C stoff. The constructlon and operation of this portion of the propellant regulator are dealt
below.

As shown in the upper left hand section of Fig. 30, the pressure balance piston group is

Servo Pistons

The C-stoff side (1) has three bored holes whose axes are parallel to that of the cutoff e
valves. Into each bore is pressed a machined brass tube with a locating shoulder on the top. Steel E- <3
machined pistons (23 and 24) are fitted relatively loosely into these tubes and bear against inter- ,_b?l .
connecting steel shafts (29), guided by pressed-in sleeves in the spacer housing (6). The loose fit E
is necessitated by the differential expansion of the brass sleeve and steel piston (approxum.tely
0.001 - 0.002 in.) when. in contact with the hot C stoff (approximately 300°F) coming from the coo
jacket of the combustion chamber. The cylinders are capped by threaded aluminum covers (138
139) and are sealed by synthetic rubber gaskets (76 and 24).

Each cover contains a steel pin (122) enclosed by a threaded fitting (13} and 101). The E
pin (122) and fitting (101) are used to hand-check the movement of the pistons in their sleeves. Th 1;:‘ _
is done by unscrewing the fitting, reversing it, and pushing on the pin. Fitting (137) has threads on
the outside., When this is unscrewed, reversed and screwed down tightly against the steel pin, the
piston is blocked open and the T-stoff flow through each cylinder may be individually checked. Eac
cover has a boss on the cylinder side which limits the outward movement of the piston. The top of
each of the three servo pistons is connected by drilled channels in the casting to the respective ,
annuli of the metering cylinder. Leakage of C stoff past the pistons is coll cted in 2 common dra.ln —
channel and led to the pump inlet through fitting (XIII).

Spacer Block

The spacer block (8) separates the T-stoff section (2) from the C-stoff section (1). It is -
bolted to the other two castings by means of studs (61) mounted in section (1) and held by hex nuts
(68). The nuts are locked in place by means of-split lock washer (72), similar to AN 935.

The thrust pins (29) are guided in bushings pressed into this housing and reamed to fit on |-
assembly. Leakage of propellant from either side around the shaft is prevented by special flexible |
synthetic rubber (Buna) seals (108 and 117). These grip annular grooves on the shafts, and are
wired to grooves in the spacer housing. The main housing joints are sealed by speclnl gaskets (116-_ :

and 36)
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Steel sleeves are pressed into these holes and jig-
the three servo pistons in the C-stoff side. 1
-ulhppoq"tn place to insure proper

These pistons are hollow except for 1/8 thick bulkhead at the spacer casting end, 25 4
i The thrust pins (29) bear against this bulkh ansmit the C-stoff servo piston motion to B
rl(

‘the T-stoff pistons. A circumferential inside of the pistons acts as a seat for the
springs (34 and 35). These bear against was and 133), vhichu-e retained by wire saap o
rings (42 and 43). 30
Each sleeve has two radial holes o to the T-stoff supply duct. A similar pair of

holes in the pistons permits passage of T sto tro the duct into the center of the piston. Each
piston assembly is surmounted by a cylindrical chamber which is capped by covers (93 and 90).
Each cover has short, hollow head bolts (105) 'which may be removed for inspection purposes. All
screw joints are sealed by AN-902-type gaskets (76,77, 4nd 83).- Outlets VI, IX, and X connect with
lines to the T-stoff propellant injectors. Fittings and IX are flared tube fittings; while outlet
1 X is a flange connection to accommodate the larger pipe size required in third-thrust stage.

3%

Lo
As the metering cylinder is rotated, the various thrust-stage ports are uncovered. C stof!

simultaneously flows from the metering valve (11) to the respective injectors, and through by-pass
holes in the casting to the top of each servo piston in chronological order. ' The C stoff, under
pressure, acts as the servo fluid and forces the cor}r;rol pistons toward the T-stoff side. This
{ motion is tranamitted through the push rods to the T-stoff-metering pistons. As they move outwar

against the force of the springs, the radial holes in the piston come into alignment with those in
sleeves. T stoff is thus gradually admitted from the supply duct into the center of the pistons. It
then flows into the collectors and through the lines to the proper T-stoff injectors.

=

L

= 50 )
As soon as T stoff is admitted into the center of the piston, it exerts a pressure opposing |
that of the C stoff. The C-stoff and T-stoff pistons have the same cross-sectional area, and there-
fore the propellants must exert equal and opposite pressures, maintaining a static pressure bal-
ance, If T-stoff pressure rises too high, it forces the entire assembly toward the C-stoff side.
This restricts the inlet port area, increases the prassure drop across the port, and hence lowers
the T -stoff pressure to the injectors. Conversely, if the T-stoff pressure i8 too low, the assembly
is forced in the opposite direction until the shoulder on the shaft (29) bottoms. The inlet port is
then wide open. .

¢

—r—r .
I i

56

ANARNANANRA

. Control beyond tffs point is not necessary, as the design limits would then be exceeded.
| This condition would indicate that there is a probable failure in the T-stoff supply or an over-

pressure in the C-stoff pump discharge. The steam-generator regulator would have sensed this
and made the proper corrections. LF‘: 65
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The above procedure insures that the two propellants are fed into the injectors at the
same pressure. This maintains a relatively constant mixture ratio throughout the entire thrust
range and, in turn, keeps the specific propellant consumption at a minimum consistent with the
degree of throttling. The injection and ignition processes are also simplified.

In order to prime the T-stoff lines and injectors before actual operation, a 0.004-in.-deep:—3
flat is milled longitudinally on the outer surface of the T-stoff metering pistons from one inlet .

—

hole to the outside skirt. A small amount of T stoff thus by-passes the metering ports and fills 8§
the lines and injectors. A large enough pressure drop takes place across this by-pass slot so that —

the injector does not open. In this manner sudden surges of high pressure liquid is prevented. ';‘

[t

C-Stoff Filter (See Fig. 38) ol
Two concentric, hollow cylindrical aluminum castings are placed at the entrance to the

regulator. The walls of these castings are perforated. Around the periphery of each cylinder is
wrapped a 130-mesh steel filter gauze held in place by wire. The smaller filter cylinder is in-
serted into the larger one and the subassembly inserted into the filter housing., Leakage at the
joint of the two cylinders and between the outer cylinder and the recessed bore in the housing is
prevented by synthetic rubber "O" rings. The two filter castings are held together by a hex-head
bolt and the entire assembly held in the housing by a cast alunimum cover. The:cover is bolted to
studs in the filter housing by self -locking hex nuts. An AN-902-type gasket seals the joint.

\
' H

C stoff from the motor cooling jacket enters port I (Fig. 30) and flows successively ,
through both screens and out at the bottom into the center of the metering cylinder. All particles :
larger than 0.007 in. diam are filtered out and drop by gravity to the bottom of the housing. Itis - *
necessary to clean the filter after approxtmately 2200 lb of C stoff have flowed through. This ts 35
equivalent to about ten minutes of operation or about every two flights. _

jall

Later models incorporated only one filter, because it was found that larger particles could— . h
pass through the system without clogging or damaging the pistons or injectors. E: h 5

i

Steam Generator Throttle

rt“j‘_-_-’

i=

The steam-generator throttle is a valve mechanically linked to the main propellant throttle
valve. (See Figs. 39 through 42.) Its purpose is to meter the proper amount of hydrogen peroxide
to the steam generator for each stage of operation of the rocket engine.

-

e

The functions of this control are as follows:

1. Regulation of T stoff during idling position.

2. Metering the proper amount of T stoff for each stage of operation.

3. Limiting the maximum flow of peroxide and thus imposing an upper
limit of thrust on the combustion chamber.

4. Acting as a safety shutoff for the turbine in the event of propellant-
supply failure,

T

N -

In order to permit a fuller understanding of the T -stoff roguhtor, a description of each of the
parts shown in Figs. 39 through 42 is included. The steam-generator throttle is attached by boits
on the forward side of the engine thrust plate just below the steam generator. In this location it is
readily accessible for maintenance or replacement.

Flare-type tube fittings (Fig. 40, view 33) are provided for the following: (1) T-stoff entrance
from pump, (2) T-stoff exit to steam generator, (3) T-stoff leakage drain to turbine exhaust, (4)
C-stoff pressure line, and (5) C-stoff leakage drain {o pump suction. An additional screw plng is
provided in the bottom of the housing for draining the T stoff from the main rotary control valve. °

| :_,._-..i,;.;““““yuum 4\
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bousing, Fig. 40, view 22). As may be seen from this and Fig. 42,view 323a, this chamber consists

- the sleeve are connected to a horizontally drilled hole (2) from the T-stoff outlet fitting. The float+

: 1hli[‘1‘i L IJTL'.'
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The functioning may be divided into four distinct phases: off, idling, operating, and quick
shutoff.

Off Position

When set to the "zero" or "off" position, the pilot's throttle moves the lever arm on the
T -stoff throttle valve to its zero position. The linkage is adjusted to insure complete closure of
the metering cylinder before operation is attempted. This is obtained by blocking the five "T"- ‘
shaped slots in the hollow rotary shaft (Fig. 41, view 22a) by blanked-off spaces in the pressed-in ’
sleeve surrounding this shaft. (See Fig. 40, View 22.) Leakage to the pistons is prevented only by
the close fit between the cylinder and the stationary sleeve. Leakage to the outside is prevented
by a packing gland and gaskets. -

Idling (See Fig. 41, view 322)

The movement of the pilot's throttle to the idling position causes the actuating lever of
the throttle to move to its first position. This is indicated on a card by the pointer attached to the
lever. (See Fig. 42, view 62b.)

The two "T" slits (4) nearest the agtuating lever in the rotary valve (shown on the right,
Fig. 41, view 22a) are now lined up with the ports in the fixed sleeve, and permit entry of T stoff
into the inside of the idling piston. The other three slits are still blanked off.

The starter button or the gravity-tank hand valve (depending upon which version of the
109-509 engine is being used) is now actuated and the pumps come up to idling speed.

Peroxide, under pressure, flows into the rotary valve through a filter. Pressure is ap-
plied to the underside of the cutoff piston through a drilled hole (5) in the housing (Fig. 40, view 22}, \
and provides an upward force. This is balanced by the combined force of a small spring (to insure
a full open position of the piston in the "off" position) and the pressure of the C stoff from the pump,

The peroxide flows from the metering cylinder to the idling piston (right hand vertical
of a drilled hole in the valve housing, into which a cylindrical sleeve is pressed. Radial holes in

ing, idling piston is inserted in this sleeve and located by a shoulder on its uppermost portion. It -
is held in its down, or full open, position by a spring acting through a retainer which bears on top !
of the piston. The spring force is adjustable by means of a set screw, and motion is limited by an . X
additional set screw. As normally adjusted, T-stoff pressure must reach 284 to 355 psi before the, (| |
Piston begins to move upward. : 43
}
The ini®@1 blocking of the idling piston in the open position permits the full flow of T stoff;
to the steam geneYator, and hence the rapid bwild-up of pump rpm to idling speed. Overspeeding 1t
prevented by the d movement of the piston against the spring. This causes partial blocking |- 55
of the piston outlet holes. The holes are 80 positioned as to pass to the steam generator an amoun{:
of peroxide, at approximately 320 psi, sufficient to provide steam for idling.

#
| ——
—

Operating (See Fig. 41, view 323) - 60%

Further movement of the pilot's throttle to the first ltng'e of thrust rotates the T -stoff
metering cylinder to the required setting. This-partially aligns the metering cylinder main slots :
(Fig. 41, yiew 22a, right hand slots) with the lioles in ths stationary sleeve. It also partially blocks— ¢
off ths two idling siots. This blocking has little or 80 effsct upon ths turbins speed. Because the -
restriction decreases the pressure acting on piston, ths spring forces it downward, un-

't
covering more of ths owtlet. modhtn«Tro 'op is decreased, 50 that the net drop, and he -
L
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in the housing. (See Fig. 40, view 232.) It
horizontal comnecting hole (2), flows through

| generator. More steam is produced and the 4 _ _ PRI oo e
‘ The main slots (3) are-so proportiofiéd that siditionzal rotation uncovers more area and
‘allows a greater flow of T stoff. Further rotation also continues to close the idling slots (4). At §
the maximum thrust position (Fig. 41, view 324), the operating slots are fully uncovered, while the"
dling slots are almost entirely blocked off. The index pointer now points to the maximum thrust &
position. )

a

The only changes necessary for conversion of this control as used in the 109-509A-1 § -
engine for use at increased thrust in later versions (the 109-509A-2, C and S) arear hining g
of the main slots in the rotary valve and a widening of the annular groove in the shutoff piston, -~
This would permit more T stoff to flow to the steam generator, increase the speed of the turbine,
and hence increase the pump output.

The proper sizing of all the metering holes and slots was done empirically. The toler
deviations of individual valves are compensated for by the numerous adjustments possible.

Quick Cutoff Safety

! In order to prevent overspeeding and destruction of the turbine in the event of the inter-
ruption of supply of either propellant, a cutoff safety valve is provided in the T-stoff throttle.
Failure in the supply of T stoff would, of course, stop the turbine, because the steam generation
supply is derived from the T-stoff pump delivery line. Failure of the C-stoff supply from
depletion or line breakage is compensated for by the cutoff piston previously mentioned and shown
in Fig. 40, view 22 (left hand piston); Fig. 41, view 22c; and Fig. 42, view 324a. This is accom-
plished in the following manner: '

(Fig. 40, views 27 and 22) and is returned to the tank through a restricted drain hole in the tube
below the inlet. The pressure acts against the syathetic rubber (Buna) diaphragm, through a il
poppet and stem to the floating piston, and keeps it in its full-down, or open, position. Leakage of -
the C stoff into the spring housing is prevented by the diaphragm. Leakage of the T stoff past the
piston and into the upper housing is prevented by a synthetic rubber, bellows-type seal. Any

leakage past the piston is led to the common drain and dumped into the turbine exhaust.

- S
C stoff from the pump enters through a fitting on the top of the left hand vertical housing Euo '

I, for any reason, the C-stoff pressure fails, the cutoff piston is forced upward by the -
pressure of the T stoff acting on its lower side. The T-stoff part is completely blocked off and the 2
turbine stops. This is a very simple method of providing a positive safety shutoff without the added—_ °
complexities of pressure switches, relays, and electrical circuits.

Effect of Throttling on Specific Impulse

HWK 109-509

UM UNUNN

The 109-509, in common with the systems previously discussed, achieves throttling by reduc-
ing the chamber pressure. The general effects of throttling on the specific impulse of the 109-509
follow the usual pattern: the first 25% of throttling causes relatively little decrease in efficiency,
but after that point the worsening of performance becomes definite. Figure 43 plots the predicted 7§
specific propellant consumption for the 109-509A-1 as a function both of thrust and of altitude. g

The sea-level curve displays the almost doubled specific consumption through the extremes of

the throttling range. However, it should be noted that throttled operation beyond 75% of full thrust =
was hardly contemplated at sea level, because of the thrust-available - thrust-required relations 4

== RESTRICTED
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the importance of the nossle cient, Cp,
t is not of the sbeolute chamber -

pressure the ambient pressure ol

nation of the minimum stable operating range. -
L0 ons, and are covered in detail in section i
report. For exam ly version of the 109-500A-1 was designed - "~
‘to be throttleable to 330 1b. However, the d

such that the lower limit was raised to 440 Ib.

The throttling performance of the 109-509 will be compared with the other systems under
analysis in the summary section of this report, below. The 10:1 throttling range for a single moto Yy
achieved in the 109-509, was a very commendable achievement. The generality of combustion
chambers, even in experimental development, was rarely tlirottleable beyond 4:1, recourse being o
had to two or more chambers when a wider throttling range was desired. In part, this is achieved 258

- throuch the ingenious control and regulation system employed.
b,

Thrust Control by Variable Throat Area T —

§ 50 The earlier sections of this report have called attention to the parameters affecting specific :r_—" 50
k impulse during throttling. It was noted that the usual throttling method of decreasing the chamber
pressure results in a poor nozzle coefficient. This fact was recognized by BMW, who proposed to

, vary the throat area instead, thereby maintaining the chamber pressure and, hence, the value of

55— the noztle coefficient. The development of the "throat plug," however, was not carried beyond the bk
- ﬂ proposal and patent application stages. In the case of the patent (discussed below), a number of i

1 3 automatic control features are also proposed, but the point of major interest is the suggestion that ~— -
£ — a cooled pylon be run down the length of the combustion chamber to vary the throat area. 14/

&

'.ﬁo’j‘ Figure 44 proposes a method of infinitely controlling the thrust of a rocket engine by means of
' _-{ Tam pressure (velocity of vehicle). The desired thrust value is preset by the pilot's throttle lever
: acting through a linkage to the vertical rod on the bellows (7). Precompression of the bellows pro-

-~ duces a high thrust setting, and pre-expansion results in a low thrust. After thrust has been =
55— initiated in the chamber (6), part of the combustion gases are led through pipe (12) into the pneti-
E matic pilot servo cylinder (9).” Until the proper ram pressure (vehicle velocity) has been reached

i in the aneroid gage (8), the preset compression of the bellows (7) keeps the control piston in the )
- pilot valve (9) in its "down" position. The gas pressure from the chamber is led to the top of the
£ — main servo piston (10) and forces it downward, This motion is transmitted through the lever (11) to
¢ the nozzle plug (1) and its holder (4), and pulls the plug away from the throat. The motion is also

. - transmitted, through means not shown, to a propellant-flow regulator, and permits more propellant
i — to enter the chamber.

& The thrust continues to increase until the for ward velocity of the aircraft is such that the ram

air acting through the inlet scoop of the gage (8) overcomes the precompression of the bellows (7).

The bellows then forces the piston in the valve (8) to move upward, and cuts off the supply of gasto

: the piston (10). This fixes the position of the plug (1) and maintains the thrust at that setting. If the

60— velocity exceeds this value, the bellows (7) moves further upward. Chamber gases are then allowed

§ -~ to flow to the under side of the piston (10), forcing it upward and restricting the chamber throat area
by motion of the plug. The thrust decreases, and the system returns to its proper setting.

- In order to prevent such a thrust regulator from continually "hunting," the cylinder on both sides
’_“of the piston (10) is vented through restricted bleeds, When the piston of the pilot valve (9) uncovers

L4 »
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the port of either side of the main servo (10), the gas vents slowly enough to prevent overshoeting
the correct setting. Some oscillations may occur, but these will be quickly damped out.

Figure 45 shows a two-stage thrust control similar in operation to that described above.’ o
Maximum thrust is attained in the position ag ghown. When a preset velocity has been reached, the = §
ram air pressure forces the bellows (7) upward and unlatches the valve lever (14). This lever is 8
pulled to the right by the spring (13), and opens the valve in the line (12). The chamber gases then .}
flow through the pipe (12) and force the piston (10) toward the chamber, thereby partially restrict- ..
ing the nozzle with the plug (1). Only two positions are possible with such a device, and repeat use
without manual reset is not feasible.

The throat plug throttling system consists of a pylon positioned in the throat of the combustion
chamber and cooled by the flow of one of the propellants. It was obvious that the regenerative cool-
ing here provided would not permit a reasonable service life. Interrogation of foreign scientists
has also revealed that such a pylon may be cooled by the use of porous material or even that it may
be used as a variety of counterflow injector in a manner reminiscent of the early Peenemunde
systems.

The mechanical means for obtaining alignment and concentricity would appear to present ad-
ditional points of difficulty. The seriousness of the problem would depend in no small measure on
the length of the combustion chamber. It is, hence, Hnked closely to the development theory for
combustion chambers, discussed in section 51-0-12A (Vol.I) of this report. The longer the com-
bustion chamber, the more serious the concentricity problem.

The throat pylon may also be expected to have its effect on injector design. Inasmuch as the
central portion of the head is taken up with the mechanism for supporting and moving the throat
plug, the injector must of necessity be disposed around the sides of the head. This would force the
use of a multiplicity of injectors, with attendant design complications. N

Despite the criticisms that may be made against throat throttling, it is nevertheless of con-
siderable interest. Indeed, experimental motors with throat throttling have been constructed in
this country.

SUMMARY

An analysis of the practical impact of throttling on specific impulse should consider whether,
a given application, the attainment of optimum specific impulse through a wide throttling range is
worth the difficulties involved in achieving it. The answer to this question will vary with the mis-
slon of the aircraft, but generalized analysis may provide a number of indications on this point. '

2
I
-
| o

The for egoing studies of the variation in specific propellant consumption with throttling have =
encountered curves computed for various altitudes. I“unbly, these have shown that the degree ofs- F
deterjoration in efficiency is much less in throttled performance at altitude than it is at sea level !
Analysis has shown thaf this is due to the improved nozzle coefficient, which is obtained automati~ =&
cally with the decreased ambient pressure at altitude.

If consideration is given to the thrust-avajlable - thrust-required curves for representative
ghided missiles and aircraft, it is clear that, except in special cases, no requirement for throt
exists near sea level, since there acceleration and climb are all-important.

Figure 46 presents the throttling vs. specific propellant consumption rohtionlup at sea lovel
for a number of representative systems. Predicted performance curves are givea for the P 3300C,
-« the 109-708B, and the 109-558, while actual results are given for the 109-S00A and the 1
“nunotoduntthoonr-uncoun-lmd mupump-typomu-luohkhtrmtbﬂ
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quoted for the respective pressure systems. (The propellant combinations of the P 3380C, the

' 108-708B, the 109-558, and the 109-548 are identical, and their performances are, therefore com-
parable.) This may be attributed, in part, to the fact that the pump type systems are charged with
the speeific propellant consumption of their respective steam generators.

: An evaluation of Fig. 46 should also take into account the fact that the P 3390C and.109-708B
curves are each based on a single engine. This is done to make possible a valid comparison. In
the actual case, the P 3390C and the 109-708B each had two motors, permitting the throttling range

+ © to be split between a cruise and a climb chamber.

Figure 47, which is a recalculation of the basic data presented in Fig. 46, shows the percentage
increase in propellant consumption for sea level as a function of throttling. It is noteworthy that al}
the curves fall very closely together. The curves based on theory do not show the steep increase in

- - specific propellant consumption at the extremes of throttling - an indication of a certain degree of
~ optimism on the part of the engineers. It may be desirable to correct the theoretical values by the
. evaluation parameter, X, according to Peenemunde practice as described in APJ Report No. 51-0-
" 12A (VoL I). This report defines X as the ratio of the actual to the theoretical jet velocity, and
_ since X varies with the pressure ratio P./Pg, it follows that new values must be calculated for
- each value of the pressure ratio. The direction of change of the parameter, X, will produce a more
= rapid worsening of the specific propellant consumption in the extreme throttling range, where the
| value P_/Pg i8 relatively small compared with the initial value.
}U——t 3
‘1 - Attention has already been called to the fact that throttled performance is more characteristic
~ of altitude requirements than of sea level operation. Accordingly, altitude throttling parameters
< are of interest. Curves for percentage increase in specific progellant consumption with throttling
3. — at approximately 30,000 ft altitude for the 109-509A and the 10’258 engines are plotted in Fig. 48.
—° A comparison of this data with that presented in Fig, 47 discloses an extreme improvement in the
— decrease of permissible throttling before the propellant consumption drastically increases. For
— example, if 20% increase in specific propellant consumption is set as the maximum acceptable, ther -
— the generality of sea-level engines may be throttled to approximately 40% - 50% of full thrust befom =
ho_}] this value is attained. By contrast, throttling may be carried to 20% - 30% of full thrust at altitude.
_+ The reason for this is again to be found in the maintenance of the nozzle coefficient due to the
= decreascd backpressure.
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hﬂj The data available regarding the effect of control systems on specific impulse is not sufficient |
to permit a deductive analysis. The general Germaa choice of speed control acts to minimize the
- stenm-generator requirements, and then cuts the steam-generator propellant consumption with
", throttling. Unfortunately, the throat-plug type of throttled motor was never carried to the stage of |
practical test. It is believed that it would have improved the throttling range.

TIITIY
U AN

",
¥

The general conclusion of the analysis of pump control and throttling, together with the effect

on specific impulse, indicates that a very high degree of flexibility is available to the designer, andL- b

that the specific requirements of the mission are of decisive importance. It may well be that care-j— -4
59

JLJ

ful consideration of throttling requirements as a function of flight program and operating altitude

_- will disclose that the conventional performance curves obtained by chamber-pressure throttling ar
_ satisfactory for the usual range, without luving recaurse to complicated and possibly hazardous
- controls.
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Fig. 5 - Schematic Arrangement - Schmidding SG-24 (APJ Drawing No. 051-900-22-00)
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